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With the growing use of non-linear loads and due to their ever changing nature, electricity 
networks experience power imbalance continually. These non-linear asymmetrical loads draw 
distorted unbalanced currents and voltages at the point of common coupling (PCC) which 
propagate into the distribution network. Power quality has therefore become an important issue, 
which has resulted in the development of numerous control strategies and other interventions 
to maintain the integrity of the electric network.  
Recent advancements in power electronics have provided new ways to optimize power systems 
by regulating the active power transfer. These developments lead to opportunities for renewable 
energy systems to harness energy and at the same time inject optimized currents into the 
network by means of distributed units. An emerging problem with most such units is that they 
are located far from the PCC and are usually designed for the small linear loads. Moreover, the 
problem is exacerbated during overload conditions when the voltage level drops below the 
allowed minimum level due to the high network impedance which characterizes a weak grid.  
This thesis aims to study similar scenarios where a permanent magnet synchronous generator 
(PMSG) based wind energy conversion system (WECS) is integrated into a weak AC grid. The 
system comprises of a machine-side (MSC) and a grid-side (GSC) converter, which provides 
available ancillary services and is envisaged to augment existing power quality conditioners such 
as STATCOM devices.  
To represent a weak grid, a Thevenin equivalent model of the electric network is considered with 
unbalanced loads. The main objective of this project is to transform the traditional converter 
topology into a versatile system that can perform as a power conditioner. In particular, it 
monitors a distribution line, sense changes in the load, detects faults and redistributes the 
currents to ensure maximized power transfer into the network.  
The system under consideration possesses the capability of independent injection of active and 




into a weak grid, the perceived load is always considered to be unbalanced. Under the specified 
condition, if a fault occurs at one or two phases, unbalanced voltages are observed at the PCC.   
Two scenarios are created to perform the case study. Firstly, a no-fault case is considered with 
symmetrical voltages at the PCC. To ensure maximum power transfer into the network with least 
losses, a set of currents is injected according to the optimal current injection technique. Secondly, 
asymmetrical faults are considered at the PCC and currents are injected according to the 
coordinated sequence current injection technique. This technique defines a new current 
injection limit which not only improves the power transfer but also enhances the power factor. 
Furthermore, the peak magnitude of the three phase currents is also kept within the rated 
current limit.    
For both scenarios described above, the MSC regulates the DC link voltage so as to limit the active 
power coming from the generator according to the grid condition. The GSC however performs 
two important functions. It implements small active/reactive power perturbations for the 
impedance estimation, and once the impedances are determined, magnitudes of the required 
currents are calculated and injected based on the proposed techniques.  
Validation of the analysis is done experimentally on a 3.3kW PMSG connected to a programmable 
regenerative power supply which emulates a weak grid. The MSC and GSC utilized in this project 











List of Tables………………………………………………………………………………………………………… x 
List of Figures………………………………………………………………………………………………………. xi 
Nomenclature……………………………………………………………………………………………………… xv 
List of Symbols……………………………………………………………………………………………………… xvii 
 
CHAPTER 1: INTRODUCTION  
1.1   Background………………………………………………………………………………………………..... 1 
1.2   Reliability and Stability Considerations……………………………………………..………….. 5  
1.3   Control System Response to Grid Faults……………………………………………………….. 5 
1.4   Problem Statement ………………………………………………………………………………….….. 7 
1.5   Aim and Objectives………………………………………………………………………………………. 7 
1.6   Research Questions…………………………………..…………………………………………………. 8 
1.7   Scope of the Thesis…………………………………………………………………..………………….. 9 
1.8   Contribution of the Thesis……………………………………………………………………………. 10 
1.9   Organisation of the Thesis….……………………..…………………………………………………. 11 
1.10 References.………….………………………………………………………………..…………………….. 12 
 
CHAPTER 2: INTEGRATION OF WIND FARMS INTO WEAK AC GRIDS 
2.1   Introduction………………………………………………………………………….......................... 14  
2.2   Weak AC Grids…………………………………………..…………………………………………………. 14 
2.3   Wind Energy Conversion Systems (WECS) and Weak AC Grids…………….……….. 16 
2.3.1   Type-1 Fixed Speed (SCIG) Configuration………………………..……………………… 16 
2.3.2   Type-2 Semi-Variable Speed (WRIG) Configuration……………………………….…17 
2.3.3   Type-3 Semi-Variable Speed (DFIG) Configuration………………………………..… 17 
2.3.4   Type-4 Full-Variable Speed (PMSG) Configuration………………………………..… 18 
2.4   Connection of Wind Farms with Weak AC Grids……………………………………….….. 19 
2.4.1   Short Circuit Ratio (SCR)…………………………………………………………………….…… 20 




2.4.3   Interaction between the VSCs and the AC Grids…………………………..……….. 23 
          2.4.3.1   PLL Behaviour…….……………………………………………………………………….….. 23 
2.4.3.2   Controller Parameters….………………………………………………………..…………23 
2.5   Grid Code Requirements……………………………………………………………………….……. 24  
2.6   Stability Challenges in WPP Integrated to Weak AC Grids…….………….…………. 27 
2.6.1   Implementation of FRT Techniques……………………………………………….….….. 27 
2.6.1.1   FRT with Power Converters……………..……………………………….……………… 27 
2.6.1.2   FRT with External Devices….………………………………………………….………… 28 
2.6.2   FRT Capability of WPPs……………………………………………………………………..……30 
2.7   Conclusions………………………………………………………………………………………………... 31 
2.8   References………………………………………………………………………………………………….. 32 
 
CHAPTER 3: PERMANENT MAGNET SYNCHRONOUS GENERATOR BASED WIND 
ENERGY SYSTEM  
3.1   Introduction………………………………………………………………………………………………. 35 
3.2   Wind Turbines Basics…………………………………….……………………………………...….. 35 
3.2.1   Wind Power…………………………………………………………………………………….…… 35 
3.2.2   Power Coefficient and Tip Speed Ratio (TSR)....……………………………….…… 36 
3.2.3   Maximum Power Point Tracking (MPPT)…………………..…………………….…… 37 
3.3   Machine-Side Modelling and Control….………….…………………………………….….. 38 
3.3.1   DQ Model of the Machine-Side……………………………………………………….…… 39 
3.3.2   Control of the Machine-Side…………………......……………………………….…… 41 
3.4   Grid-Side Modelling and Control…………….……….…………………………………….….. 43 
3.4.1   DQ Model of the Grid-Side……..……………………………………………………….…… 45 
3.4.2   Control of the Grid-Side……………………………......……………………………….…… 46 
3.5   Machine Parameters and Power Production………………………………………….….. 48 
3.5.1   Projected Power Transfer from Turbine to the Grid………….…………….…… 48 
3.6   Conclusions……………………………………………………………………………………………….. 52 
3.7   References………………………………………………………………………………………………... 53 
 
CHAPTER 4: GRID IMPEDANCE ESTIMATION 
4.1   Introduction………………………………………………………………………………………………. 54 
4.2   Impedance Estimation Techniques……………………………………………………………. 54 
4.3   Research Review of the Techniques….………………………………………………………. 56 
4.4   PQ Variation Technique………….……………………….…………………………………….….. 58 
                  4.4.1   General Requirements for the PQ Variation Technique…….………..…….…… 58 




4.4.3   Implementation and Analysis of the Technique ….…..…………………….…..… 62 
4.5   Experimental Setup and Results……..……………….…………………………….……….….. 65 
4.5.1   Modified PQ Variation Technique……………………………….…….……………..…… 65 
4.5.2   The Impedance Estimation…………….…….…………………….…….……………...……70 
4.6   Conclusions…………………………………………………………………………………………….….. 78 
4.7   References……………………………………………………………………………………………..…… 78 
 
CHAPTER 5: OPTIMAL CURRENT INJECTION DURING BALANCED/SYMMETRICAL 
GRID VOLTAGES 
5.1   Introduction………………………………………………………………………………………………. 80 
5.2   Literature Review on Optimal Power Flow………………………………………………….81 
5.3   Literature Review on Optimal Power Flow Methods….………………………….….. 84 
5.3.1   Newton Method………………………..……………………………….…….…………….…… 84 
5.3.2   Gradient and Lagrangian Method…..…….…………………….…….…………….……86 
5.3.3   Modified Interior Point Method…....…….…………………….…….…………….…… 88 
5.3.4   Phase Shifting Method…………………..…….…………………….…….…………….…… 88 
5.3.5   Particle Swarm Optimization Method…..…………………….…….…………….…… 89 
5.3.6   Smart Grids……………………………….…..…….…………………….…….…………….…… 89 
5.4   Literature Review on Definition of Apparent Power…….……………………………. 91 
5.5   Optimal Current Calculation Method……………………..….………………………….…..93 
5.5.1   Vector Representation….…………..……………………………….…….…………….…… 94 
5.5.2   Vector Solution and Optimal Supply Current…………….…….…………….…..… 96 
5.5.3   Current Calculation for the System under Consideration….…………….…… 98 
5.5.4   Numerical Validation and Comparison...…………………….…….…………….…… 100 
5.5.5   Experimental Validation and Comparison...………..……………………………….. 102 
5.5.5.1   Case-1……………………………….…………………………………………………………… 105 
5.5.5.2   Case-2……………………………….…………………………………………………………… 107 
5.6   Power Stability Study……………………………………………..….………………………….….. 109 
5.6.1   Voltage Stability Analysis of the System under Consideration………...…… 110 
5.6.2   Case Study of Weak AC Grids at Different SCR Levels………..…………….…… 112 
5.7   Conclusions……………………………………………………………………………………………….. 114 
5.8   References………………………………………………………………………………………………... 114 
 
CHAPTER 6: COORDINATED CURRENT INJECTION DURING 
UNBALANCED/ASYMMETRICAL GRID VOLTAGES  




6.2   Problems during Asymmetrical Faults…………………………………………..……….….. 119 
6.2.1   Coupling during Asymmetrical Faults……………………………………………...…… 120 
6.3   Active and Reactive Current Flow…….…………………………………………..……….….. 123 
6.3.1   Current Angle Characteristics………….……………………………………………...…… 123 
6.3.2   Active and Reactive Current Transfer Limit.………..……………………………….. 124 
6.3.2.1   Current Magnitude Limit for θI=90° (Pure Reactive)……..………………… 125 
6.3.2.2   Current Magnitude Limit for θI=0° (Pure Active)…………..………………… 126 
6.3.2.3   Current Magnitude Limit for 90°>θI>θZ , θZ>θI>0°  
              (Active and Reactive)………………………………………………………………….…… 127 
6.3.2.4   Current Magnitude Limit for θI=θZ…....................................……….…… 129 
6.4 Current Transfer Limit for a Grid Integrated Wind Turbine….…………………… 130 
6.5   X/R based Current Injection……………..…………………………………………..……….….. 132 
6.5.1   X/R Parameter Uncertainty and Bandwidth Limit…………………………...…… 134 
6.6   Dual Sequence Current Injection……..…………………………………………..……….….. 136 
6.6.1   Active and Reactive Current Calculation for Limited Power Transfer during 
            FRT………………………………………………………………………………….…………………...…… 138 
6.7   Experimental Setup and Results…......…………………………………………..……….….. 141 
6.7.1   Two Phase Unbalanced Voltage Dip ….……………..…………………………...…… 142 
6.7.1   Single Phase Unbalanced Voltage Dip ….……………..………………………...…… 147 
6.8   Conclusions……………………………………………………………………………………………..... 151 
6.9   References……………………………………………………………………………………….……….. 151 
 
CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 
7.1 Conclusions……………….……………………………………………………………………………… 153 
7.2 Research Contributions and Limitations..…………………………………………………. 155 
7.3 Limitations..………………………………………………………………………..……………………. 156 
7.4 Recommendation for Future Work…………………………………………………………… 157 









List of Tables 
3.1  PMSG Parameters Obtained Experimentally ………………….……….……………….. 48 
3.2  Typical Values of Equivalent Series Resistance….………………………………………. 51 
3.3  DC Link Loss Calculation …………………………………………………………………………… 52 
4.1 Comparison between the Actual and Estimated Values of the Grid 
Impedance……………….……….……………………………………..……………………………….77 
5.1  Comparison between Conventional and Smart Grids ….…………………………… 90 
5.2  Optimal Current Calculation…………………….…………………….……………...………… 100 
5.3  Transferred Power at Pth v/s Line Currents …………………………………………….. 101 
5.4  Optimal Current Calculation for |Z| …..….…………………..….…..………...………… 102 
5.5 Performance Comparison between Case 1 and 2 …………………………….…………109 
6.1  Current Transfer Limits Depending upon the Angle of Current 
Injection………………………………………………………………………………….….…………… 130 
A.1  System Parameters……………………………………….……………….……….……………….. 159 
A.2  Transfer Function of PMSG Current Control Loop….……….……….……………….. 160 
A.3  Transfer Function of Speed Control Loop….………………..….……….……………….. 161 
A.4  Transfer Function of DC Link Voltage Control Loop….………………..….……….... 162 


















List of Figures 
1.1  Main Components of an Electric Power Network……………………………………… 2 
1.2  Voltage Variation dV due to dP ………………………………………….……………………. 4 
1.3  Voltage Variation dV due to dQ ………………………………………………………….……. 4 
2.1  Type-1 Fixed Speed Configuration……………………………………………………………. 16 
2.2  Type-2 Semi-Variable Speed Configuration……..……………………………………….. 17 
2.3  Type-3 Semi-Variable Speed Configuration ……………..………………………………. 18 
2.4     Type-4 Full-Variable Speed Configuration ……………..……………………………..….19 
2.5  PQ Graph for different SCR Values.………………………………………………………….. 20 
2.6  Maximum Transferable Power w.r.t X/R Ratio …………………………………………. 22 
2.7  Power curves vs X/R Ratios ………………………………………..……………………………. 22 
2.8  German Grid Code Requirements (a) FRT, (b) RCI,  
(c) RCI Step Response Requirements ………………………………………….……………. 25 
2.9  ENSTO-E Grid Code FRT Requirements (a) <110kV (b) >110kV...…............... 26 
3.1  Power Coefficient vs Tip Speed Ratio ….…………………………………………………… 37 
3.2  Power-Speed Curve …………………………………………………………………………………. 38 
3.3  Machine-side Control Overview ………………………………………………………………. 39 
3.4  (a) d-axis Generator Model, (b) q-axis Generator Model ….………………..……. 40 
3.5  Machine-side PI Control Structure ……………..…………………………………………... 43 
3.6  Single Phase Equivalent Power Flow and Phasor Diagram ………………….……. 44 
3.7  Grid Side Control Overview …………………………………………………………………….. 45 
3.8  Grid Side Control Structure ……………………………………………………………………… 47 
3.9  Control Mode Selection ……………………………………………………………………..…… 47 
4.1  Grid Side Converter Integrated into Network’s Thevenin model ………….….. 60 
4.2  Power and Voltage Variations ….………………….…………………………………….……. 62 
             4.3  Grid Side Control for Impedance Measurement and Per Phase Reference 
               Current Injection ……………………………………….…………………….……………….…….. 66 
4.4  Quarter Cycle Delayed Real and Imaginary Phases ………………………………….. 67 
4.5  Stationary Reference Frame Single Phase Model …………………………………….. 67 
4.6 GSC and the Filter coupling components: (a) Inductor Currents, 
          (b) Capacitor Voltages …….……………………………….………………………..……………. 69 
4.7  Complete System Block Diagram …………………………….…………………............... 70 
4.8  Weak Grid Emulator: Impedance Setup and the Controllable  
          Power Supply ………………………………………………………………………….………………. 71 
4.9  Impedance Estimation Procedure………………………………..…………………………… 72 




             (c) DC link Voltage Variation, (d) Voltage perturbations, 
             (e) ∆Vd (zoomed-in) for resistance measurement,  
             (f) ∆Vd (zoomed-in) for inductance measurement.………………….……..……….. 74 
4.11    Phase B: (a) Current perturbations, (b) Power perturbations,  
             (c) DC link Voltage Variation, (d) Voltage perturbations,  
             (e) ∆Vd (zoomed-in) for resistance measurement,  
             (f) ∆Vd (zoomed-in) for inductance measurement.………………..….…………….. 75 
4.12    Phase C: (a) Current perturbations, (b) Power perturbations,  
             (c) DC link Voltage Variation, (d) Voltage perturbations,  
             (e) ∆Vd (zoomed-in) for resistance measurement,  
             (f) ∆Vd (zoomed-in) for inductance measurement.………………………………….. 76 
5.1  Flow-chart of the Newton Method Algorithm …………………………………………. 85 
5.2  Flow-chart of the Gradient Method Algorithm …………………………..……………. 87 
5.3  Grid-side Block Diagram ………………………………………………………………….………. 94 
5.4  Projection of I’ onto V2’……………………………………………………………….…………… 96 
5.5 Lab Experimental Setup……………………………………………….………………………….. 103 
5.6  Lab Experimental Setup Detail ………………………………………………………………… 104 
5.7      (a) Three-phase Grid Voltage and Injected Currents x20,  
 (b) Three Phase Injected Currents Magnitude …………………………..…………….. 105 
5.8      (a) Phase-A, d-axis Current Component, 
 (b) Phase-B, d-axis Current Component,   
 (c) Phase-C, d-axis Current Component, 
 (d) Active and Reactive Powers at PTh, 
 (e) Active Power at PTh (zoomed-in) ……….………………………………………………. 106 
5.9  (a) Three-phase Grid Voltage and Injected Currents x20,  
 (b) Three Phase Injected Currents Magnitude ………………………………..……….. 107 
5.10    (a) Phase-A, d-axis Current Component,  
 (b) Phase-B, d-axis Current Component,  
 (c) Phase-C, d-axis Current Component,  
 (d) Active and Reactive Powers at PTh,  
 (e) Active Power at PTh (zoomed-in)………………………………………..………………. 108  
5.11  Two-node Simplified Distribution System with a WECS ……………..……………. 111 
5.12 P-V curves of AC Grids with different SCR Values during Balanced  
            Currents Injection ……………………………………….….…………………………………….... 113 
5.13 P-V curves of AC Grids with different SCR Values during Optimal Currents 
            Injection ……………………………………………………………………………………………..…… 113 
 




6.2  Equivalent Circuit Representing DLG Fault ………………………………………………. 122 
6.3  Single Line Current Flow and Phasor Diagram …………..…………………………….. 124 
6.4  Current Phasors for Limit Derivation ……………………………………………............. 124 
6.5  System Block Diagram ……………………………………………………………………………… 125 
6.6  Current Transfer Limit for θI=90°……………………………….………………………………126 
6.7  Current Transfer Limit for θI=0°………………………………………………………………… 127 
6.8  Current Transfer Limit for 90°> θI > θZ   ……………………………………………………… 128 
6.9  Current Transfer Limit for θZ > θI > 0°……………………………….……………………….. 128 
6.10  Current Transfer Limit for 270°+ θZ > θI > 90°+θZ   …………………………………….. 129 
6.11  Current Transfer Limit for θI = θZ ………………….………..………………………………… 129 
6.12  WPP Connected to Thevenin Equivalent Model of Grid …………………………… 130 
6.13  Flow of Current from WT to the Fault Point ……………………..……………………… 131 
6.14  Reactive Current Calculation based on X/R ………………………………..……………. 132 
6.15  X/R based Current Injection, (a) without and (b) with algorithm ……………… 133 
6.16  Allowed Current Angle Bandwidth ………………………………………….……………….. 135 
6.17  Laboratory Test Bench ………………………………………………………….…………………. 142 
6.18   (a) PCC Voltage, (b) d-q axis Positive Sequence Voltages,  
           (c) Zoomed-in d-axis Positive Sequence Voltage,  
           (d) Zoomed-in q-axis Positive Sequence Voltage …………..…….………………….. 143 
6.19   (a) d-q axis Negative Sequence Voltages,  
           (b) Zoomed-in d-q axis Negative Sequence Voltages ………..…………………….. 144 
6.20   (a) Applied Active and Reactive Powers,  
           (b) Zoomed-in Active and Reactive Powers,  
           (c) DC link Voltage, (d) Generator Speed …………………….…………………………… 145 
6.21   (a) d-q axis Positive Sequence Currents,  
           (b) d-q axis Negative Sequence Currents,  
           (c) Grid Side Currents, (d) Zoomed-in Grid Side Currents during Fault …..… 146 
6.22   (a) PCC Voltage, (b) d-q axis Positive Sequence Voltages,  
           (c) d-q axis Negative Sequence Voltages …………..…………………..………..……… 148 
6.23   (a) Applied Active and Reactive Powers, (b) DC link Voltage,  
           (c) Generator Speed …………………………………….…………………..…………………….. 149 
6.24   (a) d-q axis Positive Sequence Currents,  
           (b) d-q axis Negative Sequence Currents,  
                            (c) Grid Side Currents, (d) Zoomed-in Grid Side Currents during Fault ….... 150 
A.1  PMSG Current Control Loop …..………………………………………………………………… 159 
A.2  PMSG Speed Control Loop ……………………………………….……………………………… 160 
A.3  DC Link Voltage Control Loop …………..……………………………………………………… 161 




B.1  Generation of Quarter Cycle Delay on Single Phase Quantities to Create 
Orthogonal Signals for Park’s Transformation ……………………..……………….…. 164 
B.2  Decoupling of dq-axis Current Components during Unbalanced  
Grid Voltages …………………………………………………………………………………………... 165 
B.3  Generator Current and Voltage Components Acquisition for Control              
Feedback ………………………………………………………………………………………………… 166 
B.4  Transfer of ADC Signals to FPGA ……………………………………………………………… 167 
B.5  Error Triggering Functions for Protection ………………………………………………… 168 
C.1  Hardware Panel Layout …………………………………………………………………………… 169 
C.2  Schematic diagram for V and I Transducers’ ICs ……………………………………… 170 
C.3  Relay and Error Signal Circuit Board ………………………………………………………… 170 
C.4  Voltage Shifter board for FPGA Signal Regulation …………………………………… 171 
C.5  Schematic diagram for FPGA level shifter ……………………..………………………… 171 
C.6  PXI Chassis Mounted with FPGA and DAQ Cards …………………………..………… 172 







CPP Conventional Power Plants 
DAQ Data Acquisition 
DFIG Doubly Fed Induction Generator 
DFT Discrete Fourier Transform 
DGs Distributed Generation Sources 
DLG Double Line to Ground 
DSP Digital Signal Processor 
DVR Dynamic Voltage Restorer 
ENSTO-E European Network for Transmission System Operators for Electricity 
ESR Equivalent Series Resistance 
ESS Energy Storage System 
FACTS Flexible AC Transmission Systems 
FFT Fast Fourier Transform 
FOC Field Oriented Control 
FRT Fault Ride Through 
FPGA Field Programmable Gate Array 
GSC Grid Side Converter 
HVRT High Voltage Ride Through 
IM Induction Machine 
IPPs Independent Power Producers 
LOS Loss of Synchronism 
LVRT Low Voltage Ride Through 
MSC Machine Side Converter 
MV Medium Voltage 
MPPT Maximum Power Point Tracking 
NI National Instruments 
OPF Optimal Power Flow 
OCF Optimal Current Flow 
PCC Point of Common Coupling 
PI Proportional Integral 
PLL Phase Locked Loop 
PSO Particle Swarm Optimisation 
PMSG Permanent Magnet Synchronous Generator 
RCI Reactive Current Injection 
SCIG Squirrel Cage Induction Generator 
SCR Short Circuit Ratio 
SLG Single Line to Ground 
STATCOM Static Synchronous Compensator 
SVPWM Space Vector Pulse Width Modulation  




VSC Voltage Source Converter 
WECS Wind Energy Conversion System 
WPPs Wind Power Plants 
WRIG Wound Rotor Induction Generator 
WT Wind Turbine 





List of Symbols 
 
P active power 
Q reactive Power 
dV change in voltage w.r.t time 
dP change in active power w.r.t time 
dQ change in reactive w.r.t time 
pf power factor 
X/R ratio of Impedance and resistance  
Ssc short circuit power 
Ps rated source power 
Zth Thevenin impedance 
Vth Thevenin voltage 
Ith Thevenin current 
Imag current magnitude 
Id active current 
Iq reactive current 
Irated rated current 
Ek kinetic energy 
  air density 
A area swept by the blades 
v wind velocity 
Cp,Betz wind turbine power coefficient 
β pitch angle 
λ tip speed ratio 
R turbine blade radius 
ωturbine turbine speed 
vwind wind velocity 
Kp maximum power coefficient 
λdq dq-axis flux linkage 
Vdq dq-axis voltages 
Idq dq-axis currents 
Ldq dq-axis inductances 
Rdq dq-axis resistances 
Te electromagnetic torque 
PQgrid active and reactive power components at the grid 
Popt maximum captured wind energy 
Rs stator resistance 
Kc(f) core loss constant 
Pturbine power generated from the turbine 
Protational rotational losses 




Protational rotational losses 
Pshaft power dissipated at the shaft 
Pconv power loss in the converters 
Pconduct. conduction losses in the converters 
Psw switching losses in the converters 
Pcap DC link capacitor losses 
Ichrg. capacitor charging current 
Idisc capacitor discharging current 
Pfilter power loss across the filter 
Vɑβ stationary reference frame voltages 
Vg grid voltage  
θg phase angle w.r.t grid 
Iɑβ stationary reference frame currents 
∆Vd resultant change in d-axis voltage 
∆Vq resultant change in q-axis voltage 
Zg grid impedance 
𝑉𝑡ℎ𝑛′ weighted Thevenin voltage 
𝐼𝑎′ weighted optimal current 
𝑉𝑟𝑒𝑓′ weighted reference voltage 
PW active power from wind 
PL active power at load 
Zt+ positive sequence transfer impedance 
VSLG+ positive sequence voltage during SLG fault 
VDLG+ positive sequence voltage during DLG fault 
VΔWPP+ boosted positive sequence voltage by the WPP 
θI current angle w.r.t voltage 
θZ impedance angle w.r.t current 
Ilimit current transfer limit 
Vf fault voltage 
Vdq,conv+- positive and negative sequence voltages at GSC 
Vdq,grid+- positive and negative sequence voltages at PCC 
Plimit limited active power 










In recent years, wind power generation is featured as one of the fastest growing industries in 
renewable energy sector. With the increased penetration of wind power systems, it is mandatory 
to discuss the possible design challenges. When installing a wind power plant, grid strength is 
one of the most important design considerations. In addition, power quality reduction in terms 
of losses and stability of the systems when connected to weak AC grids are also major concerns 
in wind farm planning. In this chapter, basic components of an electric network and its 
characteristics are described. Integration of distributed generation units into the network and 
power quality requirements are also addressed. More specifically, connection of wind power 
plants with weak AC grids in relation to the grid codes during faults are highlighted. This chapter 
also covers objectives, guiding questions, scope, contribution and organisation of the thesis. 
Furthermore, detailed reasoning behind the project is given, which will develop the basis for 
problem recognition and solution in the following chapters of the thesis. 
1.1 Background  
An electric power network consists of three fundamental elements: the generating unit, the 
transmission system and the distribution system. The transmission system operates as a 
connecting link between the generating unit and the distribution system. It comprises high 
voltage systems containing transmission lines and transformers. On the other hand, a distribution 
system refers to lower voltages, radial lines and transformers based on the utility loads.  Fig. 1.1 
illustrates the main components of an electrical power network.










The basic purpose of an electrical network is to interconnect the power sources and the load 
centres, so that the generated power can be transferred to the required destination with 
reliability and efficiency [2].  
It has been observed that the transmission systems are getting burdened with the increased 
integration of modern load equipment. Furthermore, it has become difficult to operate with such 
loads optimally, hence giving rise to reliability and efficiency issues. Considering the load 
equipment is electronically controlled, it is sensitive to all kinds of power distortions. The power 
distortions have a deteriorating impact on the equipment, leading to higher production cost and 
reduced efficiency. Additionally, the power converters used as part of this equipment produce 
current harmonics which increase the overall current distortions in a system [3].   
Customers connected to an electrical network are no longer regarded only as consumers, 
considering they can also generate and sell power via a deregulated system. Recently, the 
number of installed distributed generation sources (DGs) has increased. However, connecting a 
new DG to the network must meet certain power quality requirements which assures security of 
the system during power quality distortions. In order to comply with the power quality criteria, 
it is necessary to operate the transmission system in a stable and a protected way. To achieve 
this, the existing utilities and independent power producers (IPPs) are needed to stay committed 
and dispatch optimally [4]. 
 
Figure 1.1: Main Components of an Electric Power Network [1] 




Over the past few years, wind energy has become popular and competitive among all other 
conventional energy sources. An immense amount of research related to wind energy production 
has been conducted and has resulted in massive technological advancements. For instance the 
turbine design, generators, power converters and control algorithms have evolved significantly. 
From the electrical engineering perspective, power converters and generators are the two major 
components in a wind energy conversion system (WECS) [5]-[8].  
Wind power generation has also been prevailing enormously compared to the other conventional 
energy sources. To ensure quality power transfer with maintained grid stability, utility 
requirements are fulfilled based on certain rules which are referred to as grid codes. These codes 
have also been updated over time depending on different prerequisites [9]-[10]. With reference 
to wind energy systems, the main points in a grid code include active and reactive power control 
for frequency and voltage regulation.  It also deals with the power quality, harmonic oscillations, 
flickers, system security and fault ride through (FRT) compliances.  
Wind turbine producers and wind farm operators have faced several problems while integrating 
wind farms into weak AC grids. For a weak AC grid with high X/R ratio, the primary goal is to 
maximise the active power transfer to the desired destination. However, due to lack of 
transmission capabilities and varying load characteristics, it is considered as a major inability of 
weak AC grids. Variation in load characteristics might also cause severe faults which could force 
the wind power plant to violate grid code requirements and even demand higher reactive power. 
Grid connection is usually the most important factor when it comes to wind farm planning. For 
selecting a point of common coupling (PCC), voltage level alone does not provide enough 
information. Therefore, grid strength is considered to be the deciding parameter which is 
numerically expressed as the value of short circuit ratio (SCR) or X/R ratio at a particular point. 
Grid strength has a direct relation with the network quality. The stronger the grid, the lesser the 
voltage change will be at the PCC. However, in case of a weak grid, regulation of active and 
reactive power impacts the voltage greatly [11]. From voltage stability perspective, a typical P-V 
curve is illustrated in Fig. 1.2 with respect to two X/R ratios ‘2’ and ‘10’. It shows voltage variation 
slope at a point on the network when active power is demanded by the loads. To plot the curve, 




load reactive power is kept constant as the load active power increases. It can be seen that in 








Similarly, a V-Q curve is employed to demonstrate the reactive power margins of an AC grid in 
Fig. 1.3.  The curves provide information about the stiffness of the grid based on the slope. For a 
strong grid, the curve has a low slope whereas high slope is for weak grids.  The V-Q curves also 
assist in determining the amount of reactive power needed to achieve the required voltage level. 





     
  
 
Figure 1.2: Voltage Variation dV due to dP [12] 
 
Figure 1.3: Voltage Variation dV due to dQ [12] 




1.2 Reliability and Stability Considerations 
The integration of wind energy systems into a weak AC grid can cause multiple issues related to 
reliability, stability and security of the power network. Furthermore, frequency deviations also 
occur which create transient conditions at the PCC. These issues can be overcome by selecting 
appropriate wind turbines and efficient control techniques.  
Since the quality of a wind resource is an important factor, wind power plants are generally 
located in remote areas with high wind potential. These remote areas are usually less populated 
where the grids are usually considered as weak grids. Therefore, overall strength of the grid go 
hand in hand with the stability of the wind power plants (WPPs). For successful operation of a 
power system, the system stability particularly relies on voltage, frequency and angle stability. 
The major problem in weak AC grids is the unreliability of connection, especially when a sudden 
large disturbance occurs, leading to voltage and frequency offsets which eventually require a 
disconnection [13]. Hence, proper measures must be taken to deal with such instabilities.  
For an improved wind farm connection, the control of a WECS can be subdivided into two control 
sections i.e turbine-control and grid-control. The turbine-control usually deals with the voltage 
and frequency control of the generator to ensure maximum power transfer. The grid-control 
majorly provides reactive power support for voltage compensation and limits the active power 
transfer during fault ride through conditions. By successfully implementing these controls, stable 
operations can be achieved from a WECS connected to weak AC grids [14].    
1.3 Control System Response to Grid Faults 
Grid faults can be classified into two categories, symmetrical (all three phases) and asymmetrical 
(single or double line-to-line/ground) faults. Furthermore, a short circuit can also lead to both 
fault types. During symmetrical and asymmetrical faults, positive sequence voltage decreases 
whereas negative sequence voltage appears in case of asymmetrical faults only.  Usually, a fault 
occurs for a certain amount of time until the faulted part is cleared or disconnected from the 
network. The disconnection can be done easily through relays or circuit-breakers. However, it is 




sometimes preferred to not disconnect immediately and wait for the equipment to restore 
(within few seconds). If a system recovers from a fault back to normal then it is usually with the 
assistance of a strong supervisory control system running at the back-end.    
The reduced positive sequence voltage during a fault can lead the generating units (rotational 
machines) towards angle and frequency instabilities which also depend on the pre-fault power 
level, recovery period and strength of the grid [15]. On the grid side, connected loads also get 
affected during low voltage dips. The effect of low grid voltage can be reduced by compensating 
for the dip with the help of reactive power injection. Thus, stability can be improved by boosting 
the grid voltage back to the nominal value during a fault condition.  
During asymmetrical faults, negative sequence voltage arises in the grid whereas positive 
sequence voltage does not drop to a severe level. The risk of instability in asymmetrical faults is 
comparatively lower than the symmetrical faults. However, with the rise of negative sequence 
voltages, over-voltages occur on the non-faulted phases. It further causes oscillations in the 
power system components such as generators and power converters. The problems created by 
asymmetrical faults are discussed in chapter-6. As a general rule of thumb, the impact of 
asymmetrical faults can be reduced by boosting the positive sequence voltage and attenuating 
the negative sequence voltage to zero. 
According to recent grid codes for grid-connected wind turbines, ride through operation should 
always be implemented during grid fault conditions. The fault ride through (FRT) covers a broad 
fault-voltage range, covering zero voltage ride through (ZRVT), low voltage ride through (LVRT) 
and high voltage ride through (HVRT). Among all other grid codes, FRT is always a major concern 
for wind turbines producers and operators. After the fault is removed, when the grid voltage 
retains the nominal value, the power system’s components experience transients. Therefore, it 
is necessary that the wind energy systems stay connected during a fault and properly restore 
when the fault is clear. In summary, the stability can be achieved by following the points 
mentioned below: 
o During a fault, wind turbines must stay connected and balance the power after fault is 
cleared. 




o During a symmetrical fault when positive sequence voltage drops down only positive 
sequence current should be injected to ensure maximum active power transfer into the 
weak AC grid. 
o During an asymmetrical fault, positive and negative sequence currents must be injected to 
compensate for both phase and magnitude offsets.  
o Seeing that the grid codes are not defined for any specific asymmetrical fault, reactive 
currents must be injected according to the agreement between the operator and supplier.  
o During a fault period, only limited active power shall be permissible to implement the FRT.  
1.4 Problem Statement  
According to modern international grid codes, it is an important requirement for grid connected 
WECS’ that the power converters must be able to regulate ±0.5% of the controlled voltage by 
injecting reactive power without requesting support from any external hardware/components, 
such as static synchronous compensator (STATCOM) or flexible AC transmission systems (FACTS) 
[16].  
Considering that the weak AC grids are usually located in remote areas, type-4 (PMSG based) 
wind turbine configuration could be a useful topology to be installed there at MV level. Therefore, 
considering such a system with no external hardware support during unstable grid voltage 
conditions, the available conventional power converters must be utilized in such a way to inject 
the currents optimally. The optimal current injection should reduce the losses and achieve 
maximized power transfer into the grid to stabilize the voltage. Additionally, the control system 
must be robust enough to estimate the dynamic parameters of the network, detect the type of 
a fault and deal with it according to the defined current transfer limits. 
1.5 Aim and Objectives 
The study performed in this thesis relates to the efficient use of power converters in a PMSG 
based WECS integrated into a weak AC grid. The aim is to distribute optimal currents in order to 
optimize the power transfer during symmetrical and asymmetrical grid voltage conditions.   




Considering the abovementioned aim as a case study, the main objectives to be achieved are set 
as: 
 
o Develop technical understanding about a weak AC grid and investigate its characterization 
methods. 
o Review different configurations of WECS and their connection problems with the weak AC 
grids. 
o Study popular international grid codes and stability challenges for the integration of WECS 
into AC grids during fault conditions.  
o Examine the parameters and the control model of a PMSG. 
o Survey techniques for optimal power/current flow and control modes for the grid connection 
of a wind turbine. 
o Investigate methods for sensing the unbalanced voltage conditions and estimating the 
dynamic parameters of a power network accurately. 
o Develop algorithms which compute optimal reference currents required during symmetrical 
and asymmetrical voltages. 
o Implement the complete system experimentally in the laboratory by combining the individual 
components and analyse the amount of power transferred to the point of common coupling 
(PCC). 
1.6 Research Questions 
The following research questions provided guidelines through the validation process of the 
optimal current injection techniques discussed in this thesis: 
o Does any single solution for optimum power/current flow exist? 
o What techniques are suitable to perform estimation of the dynamic parameters of a grid and 
how accurate are these? 
o In case of a PMSG integrated into the grid, what would be the configuration of converters 
and what actions could be performed? 
o Is an extra shunt converter always necessary to perform the voltage compensation? 




o How a grid side converter can estimate the grid parameters and inject the optimal currents 
during balanced and unbalanced conditions?  
o How the active and reactive power limits are defined for a grid fault to implement FRT? 
1.7 Scope of the thesis  
As mentioned in the objectives, the behaviour of a PMSG based WECS integrated into a weak AC 
grid is investigated during symmetrical and asymmetrical voltage conditions. Two current 
calculation algorithms are proposed and implemented for both voltage conditions. Control 
models of the machine side converter (MSC) and the grid side converter (GSC) are developed and 
implemented by using the PI controllers. During symmetrical voltages, positive sequence active 
current components are adjusted optimally to yield maximum output power.  
It is to be noted here that the symmetrical ‘faults’ in particular are not discussed in this thesis 
because these have been studied in the past repeatedly and only appear 5% on an actual network 
compared to the asymmetrical faults [17].  
Asymmetrical faults on the other hand, have not been studied extensively when it comes to weak 
grid conditions. During asymmetrical grid voltages, both positive and negative sequence currents 
are injected to implement FRT under the given circumstances.  
Numerical analysis is performed based on Thevenin equivalent of the network where the time 
variant load impedances are considered. If the loads are considered as distributed network 
elements, then each line having an independent source would require different amount of 
currents based on the load nature.  
Since a weak AC grid is under discussion, the wind turbine is considered to be located in a remote 
area connected to medium voltage level utility. For the lab-setup, a downscaled (3.3kW) WECS 
and a weak AC grid are emulated to perform the experimental investigations. The types of 
asymmetrical faults considered in the thesis are single-line to ground (SLG) and double-line to 
ground (DLG) faults which occur commonly in a transmission system.   




1.8 Contribution of the Thesis 
In this thesis, per phase control model of the PQ variation technique is proposed for the grid 
impedance measurement. Based on that, two modified current calculation techniques are 
implemented to optimize the power transfer of a PMSG-based WECS integrated into a weak AC 
grid during symmetrical and asymmetrical grid voltage conditions.  
During symmetrical grid voltages, the first technique derives a generalised algorithm for 
calculating optimal currents for a Thevenin equivalent network which assures minimum 
distribution losses. The technique is validated on a real time grid-tied PMSG based WECS. 
Simplified calculations are applied by evaluating the system in a weighted domain where currents 
and voltages are weighted with respect to the line resistances of the network.  This technique 
allows the system to inspect the distribution line, detect changes in the load and redistribute the 
optimal currents to achieve maximized power transfer into the network. 
During asymmetrical faults, the second technique calculates and allows injection of the 
coordinated currents based on impedance of the Thevenin equivalent network. It does not only 
define the new active/reactive current transfer limits but also enhances the power factor of the 
system during a fault. It limits the incoming active power from the generator and implements 
FRT by regulating the DC link voltage with the help of MSC. The GSC on the other hand, injects 
coordinated currents at the same angle as that of the estimated impedance but within the 
defined current transfer limits.   
The power optimization solution is provided by exploring, identifying and improving the existing 
features of the GSCs. Moreover, awareness is provided about the general power theory related 
to real power systems and the reactive current injection requirements. In addition to 
investigating the weak grid’s pertinent issues, this thesis also discusses GSCs active and reactive 
current transfer limits under the given conditions.  
 




1.9 Organization of the Thesis 
The organization of the thesis is as follows: 
Chapter 1: Introduction, presents background of an electric network and its fundamental 
components. It discusses the impact of integration of modern non-linear loads into the network 
in terms of reliability and efficiency. It also reviews the integration of distributed generation 
systems and the related power quality requirements. In particular, a wind energy conversion 
system and its utilization during grid fault events is explained. Motivation behind the project is 
clarified which states the precise reasons of the research being conducted. Objectives of the 
project are also defined which will be achieved with the help of research questions. The chapter 
also includes overall scope and scientific contribution of the project.  
Chapter 2: Integration of Wind Farms into Weak AC grids, provides detailed 
information on weak AC grids and their characteristics. Different wind turbine configurations and 
wind farm connections are described thoroughly. The factors affecting the selection of PCC for 
wind farm integration are explained. Two widely-used international grid codes are highlighted 
along with their compliances for both symmetrical and asymmetrical faults.  Stability challenges 
of the WPPs connected to weak AC grids, the FRT techniques, their capability and implementation 
are also part of this chapter.   
Chapter 3: Permanent Magnet Synchronous Generator based Wind Energy 
System, explores wind turbines basic concepts. A permanent magnet synchronous generator 
(PMSG) based WECS together with the control models of machine and grid side converters are 
analysed. The generator parameters, total power generation and associated power losses of the 
system are investigated. 
Chapter 4: Grid Impedance Estimation, reviews conventional and modern impedance 
estimation techniques. The PQ variation technique is discussed in the chapter and a 
mathematical analysis is employed to evaluate its performance. A modified approach is then 




proposed and implemented with respect to a grid-tied inverter. Experimental investigations are 
also performed to estimate decoupled load impedance on each phase.  
Chapter 5: Optimal Current Injection during Balanced/Symmetrical Grid Voltages, 
starts with a review on the optimal power flow, its definition and characterization as reported by 
different authors in the past. Followed by the definition, a historical background of optimal power 
flow methods is discussed. Classical methods along with the recent techniques are summarized. 
According to general power theory, the definition of apparent power is also reviewed and a 
unique definition of apparent power is proposed with the help of optimal current calculation 
method. The vector representation and the optimal supply currents are determined for the WECS 
under consideration connected to the Thevenin equivalent of a weak AC grid. At the end, 
numerical and experimentation validations of the abovementioned method are presented in 
comparison with the conventional methods during symmetrical grid voltage conditions.   
Chapter 6: Coordinated Current Injection during Unbalanced/Asymmetrical Grid 
Voltages, highlights the causes and problems during asymmetrical grid voltage conditions. A 
case study is performed in this chapter by implementing asymmetrical faults on a type-4 WECS 
integrated into a weak AC grid. The information from the estimated dynamic parameters of the 
network is utilized to implement current transfer limits, and coordinated currents are injected to 
support LVRT. Dual sequence current injection is applied to reduce the negative sequence 
oscillations in the system.  Experimental validation of the analysis is also presented in the chapter.   
Chapter 7: Conclusion, summarizes the thesis and outlines the conclusions from the research 
work. It also presents suggestions for future extension of the project.   
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Integration of Wind Farms into Weak AC 
Grids 
 
2.1 Introduction  
Over the past few years, wind power generation has attained popularity due its renewable nature 
and decrease in cost per kWh compared to other conventional energy sources. To extract wind 
energy more efficiently and reliably, many configurations of the wind turbines have been 
introduced. The design of wind farms and selection of wind turbine generators must consider the 
strength of an AC grid to which it needs to be connected. Most of the wind energy turbines are 
located in remote areas which are typically far from the bulk energy consumption centre. In other 
words, these wind turbines need to be designed to operate adequately with weak AC grids. This 
chapter outlines the background of wind energy systems and their integration into weak AC grids. 
The technical challenges, design considerations and turbine configurations are studied. 
Integration methods and control parameters are reviewed according to international grid codes. 
Stability issues of integration of wind turbines during fault conditions and methods to improve 
the fault ride through, are also discussed.  
2.2 Weak AC Grids  
The term ‘weak grid’ can be defined as a grid which is susceptible to a sudden change in the 
operating conditions. It may also be characterized as a grid where voltage fluctuations arise with 
any major changes in the conditions or whenever the designed load exceeds its limits. On the 
other hand, a strong grid does not allow these changes to overcome the grid stability as it offers 
robust capability to counter any fluctuations and maintain the balanced grid conditions [1]. With 
reference to wind farms, grid strength at a specified point is determined by its line impedance 




and the kinetic energy stored in the connected generator. Another useful representation is the 
short circuit ratio (SCR) which is the ratio between short circuit power (Ssc) and the rated source 
power (Ps) at the point of common coupling (PCC) [2]. It is noteworthy that SCR does not indicate 
the healthiness of an entire network, instead it measures the strength at one specified point only. 
This means that a network with multiple generators would have different SCR values at each 
connection point [3].  If the grid is assumed to be modelled as an equivalent Thévenin circuit, 
comprising a single Thevenin voltage Vth and Thevenin impedance Zth, then, the SCR at the PCC 
can then be expressed as [4]:  







                                                                        (2.1) 
Where, SSC is the short circuit power and PS is the wind turbine power delivered by the turbine to 
the PCC. Medium voltage (MV) AC grids with SCR value below ‘5’ are usually considered to be 
weak grids [5]-[6]. According to the German VDN grid code [7], a strong grid is implied as the one 
where the SSC should remain greater than six times the nominal active power before and after 
the fault is cleared. In Danish grid code [8], a grid with SCR value above 10 is considered strong. 
However, in other parts of the world, with increasing number of installations of renewables, the 
SCR value can go even lower than 2. A grid is considered weak when [9]-[13]: 
 a high-impedance line is connected to a strong network and expanded with long lines with 
overall low SSC.  
 a network is overloaded with renewable energy sources replacing conventional power plants 
(CPP), resulting in lower SSC.  
 a wind power plant (WPP) is connected far from the centre of power generation through 
long distance lines and the bus has low SSC. 
 a WPP with high internal impedance is connected and as a result SSC decreases even further.  
Weak grids possess low SCR, high impedance and poor reactive power support [14] which means 
that SCR value is inversely proportional to the inductive impedance of a bus. Today, the tendency 
of a low SCR grid connection has become more of an important consideration when it comes to 

















integrating WPPs into AC grids. Therefore, SCR can also be characterized as a grid’s capacity to 
retain its voltage level during any load or source dynamic event at the PCC.     
2.3 Wind Energy Conversion Systems (WECS) and Weak AC 
Grids  
The two major components of a WECS are the generator and the power converter. Both can be 
utilized in multiple combinations to achieve wide variety of different WECS configurations         
[15]-[17].  
2.3.1 Type-1 Fixed Speed (SCIG) Configuration 
The oldest wind turbine technology used is a squirrel cage induction generator (SCIG) based 
WECS. In type-1 configuration, the generator is usually integrated into the network with the aid 
of a soft starting device and a transformer as shown in Fig. 2.1 [18]. Its speed can only vary within 
1% of the synchronous speed of the corresponding wind speed and hence called fixed speed 
configuration of WECS. Since it is directly connected to the grid without a converter, it requires a 
gear box to match the speed of the rotor to that of the wind turbine, which makes it a simple, 
robust and inexpensive technology. However, it offers a very limited control ability for the 
reactive power drawn from the grid. Also, it gets mechanically stressed under severe fault 
conditions at the grid and requires additional shunt-connected converters such as STATCOMs to 
comply with the grid code [19]. Despite all the above mentioned shortcomings, this configuration 








 Figure 2.1: Type-1 Fixed Speed Configuration 




2.3.2 Type-2 Semi-Variable Speed (WRIG) Configuration 
The variable speed operation of the wind turbines is the most popular feature of WECS 
technology, which assists in enhanced energy capture from the wind and lowers the mechanical 
stress on the components during high wind gusts. It also cut down on the upkeep requirements 
and hence expands the life span of gearbox and bearings.  
The type-2 configuration uses a wound rotor induction generator (WRIG) with a partially rated 








      
The changing rotor resistance influences the torque-speed relationship of the generator and 
hence variable speed can be achieved. The rotor resistance is changed with the help of partially 
rated converter and a ±10% speed variation can be implemented. With variable speed, more 
power can be extracted from the wind but at the same time more energy losses can also occur 
on the rotor resistance.  
2.3.3 Type-3 Semi-Variable Speed (DFIG) Configuration 
With the doubly fed induction generator (DFIG) configuration, the slip power is transferred to the 
PCC by means of stator and rotor windings. The slip power of DFIG is up to 30% of the rated 
power, therefore a partially rated converter is employed for the rotor side control. It also uses a 










Figure 2.2: Type-2 Semi-Variable Speed Configuration 




converters, the energy can be controlled in both directions. This configuration allows high speed 
wind capture and improved overall wind conversion efficiency. Due to the use of a partially scaled 
power converter, it offers limited fault ride through (FRT) capability. Furthermore, the inclusion 
of gear box increases the overall size and cost of the turbine as well as the requirement of 
routined maintenance of the slip rings and brushes. These wind turbines are usually employed in 









2.3.4 Type-4 Full-Variable Speed (PMSG) Configuration 
In type-4 WECS, performance can be improved by using full scale power converters (100%). Full-
scale converters allow the system to operate at full speed range and stay decoupled from the 
grid. Considering that the converter rating is the same as that of the generator, with the increase 
in its sizes, the power losses, cost and overall complexity of the system also increases. The most 
common configuration is shown in Fig. 2.4, where a PMSG is connected to the grid through back-
to-back converters. The full-scale power converters help the system to implement reactive power 
compensation along with the smooth grid connection. PMSG based turbines also offer efficient 
wind energy conversion compared to other WECS [21]-[22].  The slip ring brushes and gearbox 
can be avoided due to high number of pole pairs. This configuration also offers best FRT without 







Figure 2.3: Type-3 Semi-Variable Speed Configuration 











      
Weak AC grids cast a considerable impact on the performance of wind turbines, especially during 
fault conditions on the grid side. Therefore, it is important to consider this impact when designing 
or selecting a wind turbine system. Fixed speed turbines cannot compensate for the large voltage 
variations and power fluctuations without having any external support [23]-[24]. Variable speed 
turbines are capable of operating under different wind situations and extract maximum power 
by implementing maximum power point technique (MPPT).  MPPT is usually applied when the 
wind speed is less than the rated speed of the generator.  In case of high wind speed, pitch control 
is employed to limit the flow of excessive power into the grid. Weak AC grids are more susceptible 
to grid faults which are usually in the form of voltage variations. In case of a deep voltage dip at 
the PCC, there will always be less power demand and to limit it, pitch control is a common 
solution. Power converters also allow the WECS to regulate the active/reactive powers to and 
from the weak AC grid which assists in improving the stability of the wind turbines [25]. This 
thesis contains study on the type-4 wind turbine and its integration with a weak AC grid. It also 
discusses optimal power regulation under symmetrical and asymmetrical grid voltage conditions.  
2.4 Connection of Wind Farms with Weak AC Grids 
Since the quality of a wind resource is an important factor, wind power plants are generally 
located in remote areas with high wind potential. Furthermore, these remote areas are less 
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Figure 2.4: Type-4 Full-Variable Speed Configuration 




wind farm acts as a power supply system which absorbs the wind energy depending on its 
capacity and not on operating limits of the generator [27]. The main factors affecting the 
selection of a PCC for wind farm integration are SCR, X/R ratio, interaction of voltage source 
converters (VSCs) and gain of the controllers. These factors have a direct impact on the stability 
and must be considered carefully during wind farm design.  
2.4.1 Short Circuit Ratio (SCR) 
The SCR serves as the capability of an AC grid to allow the maximum amount of active power 
without effecting its stability. When selecting a PCC, the SCR is used to assess the grid strength. 
A PCC with low SCR value offers decreased voltage stability with the injection of both active and 
reactive powers [28]. With respect to wind farm connection, a grid with low SCR also limits the 
transfer of active power unless reactive power is provided through an external source or by 
increasing the converter power rating [29].  Fig 2.5 illustrates the relation between the PQ 
capabilities of the wind turbine generator into the AC grid. It can be seen that at SCR=1.1, it is not 










A low SCR also leads to poor voltage regulation due to large voltage deviations, especially in the 
case of large wind farms. To deal with voltage instabilities, voltage source converters (VSCs) are 
connected to the weak AC grids. VSCs are robust and can implement vector control to quickly 
 
Figure 2.5: PQ Graph for different SCR Values  


















track the voltage references with the help of controllers [30]. By using VSCs, one important issue 
that usually arises is the DC-link voltage instability. DC-link voltage variations are usually linked 
with the performance of the phase-locked loop (PLL). In case of low SCR AC grid, if a severe 
voltage fault occurs, the system might lose its synchronism with the fundamental frequency after 
the fault is cleared. This phenomenon is called loss of synchronism (LOS) [31]. To overcome such 
situations, controller gains of the PLL need to be calculated carefully. Fast voltage and angle 
recovery with unstable controller gains will make it difficult for the PLL to track the AC voltage 
accurately, which may force the grid side control towards instability. Transient stability is another 
important feature of the wind farm modelling when connected to a weak AC grid. If a high voltage 
dip occurs at the PCC, wind farms are required to offer low voltage ride through (LVRT) and 
support the grid by injecting reactive power [32]. However, due to low SCR, wind farms offer a 
very limited capacity to maintain the stability.  
2.4.2 X/R Ratio 
The X/R ratio is another design criterion for wind farms.  It is the ratio between reactance and 
resistance of a grid impedance. For an AC grid with certain SCR at the PCC, there might be voltage 
fluctuations due to varying X/R values. This shows that the occurring voltage variations are a 
function of active/reactive power flow and the grid impedance, represented as X/R ratio. High 
X/R ratio of the grid impedance possess high reactance and can be called an inductive grid, where 
grid voltages readily go beyond the stable region in case of a fault [33]. High X/R ratio is also 
sensitive to the flow of active power and limits its flow, whereas smaller X/R (resistive grid) ratio 
offers maximum transfer of active power. However, the more the transfer of active power 
through a resistive grid, the higher are the grid losses. Therefore, a reactive power support is 
required to regulate the AC grid within stable limits [34]. For more insight about the maximum 
active power transfer limit, a case is considered where SCR=1 with X/R ratios varied between       
1-100 and is shown in Fig. 2.6.  
 
 












From Fig. 2.6, it can be seen that the smaller the X/R ratio, the higher the maximum transferable 
active power is. However, it also results in more power losses with high Ploss slope as shown in 
Fig. 2.7. Thus, increasing the resistance to reduce the overall X/R ratio is not a feasible solution 
and therefore extra measures are needed to be taken to implement the voltage stability in case 









The X/R ratio can pose a great influence on the power quality of a wind farm. With reference to 
a weak grid, X/R ratio of 1.3-2.8 is considered suitable for wind farm integration [35]. 
 
 
Figure 2.6: Maximum Transferable Power w.r.t X/R Ratio  






















2.4.3 Interaction between the VSCs and the AC Grids 
Interaction of VSCs with a weak AC grid is another important technical consideration when 
modelling a wind farm.  The vector control technique has become a conventional strategy over 
the years to control the VCSs. With vector current control technique, there are usually two 
control loops, inner and outer. The performance of inner loop predominantly depends on the 
outer loop interface, PLL behaviour and the controller parameters.   
2.4.3.1 PLL Behaviour 
With reference to grid interaction with the VSCs, grid voltage and phase angle are the variables 
which need to be monitored at all the times. To synchronize any generating system with the grid, 
multiple control schemes are devised. The control scheme tracks the angle information and 
achieves synchronization between the AC grid and the converter voltages. This strategy is based 
on phase locked loop (PLL) principle. The PLL scheme has evolved over the years to be used under 
different grid situations. It offers fast and accurate synchronization based on the implemented 
control technique. The classic PLL detects the angle and frequency within the same control loop. 
This could lead to delays in synchronisation and eventually the system would become unstable. 
To avoid this, efficient techniques are required for the detection of voltage and frequency 
variations during unstable grid voltage conditions [36]-[37].  PLL control is usually designed for 
fast synchronisation. However, in case of a weak AC grid, this could deteriorate the stability. On 
the other hand, slow performance of PLL could result in achieving better stability and increased 
power transfer [38]. However, this can also impact the dynamics of the control and can cause 
large phase angle deviations between the PLL and the PCC voltage.  
2.4.3.2 Controller Parameters 
The conventional control scheme which has been widely used in industries is vector control 
strategy and is based on its PI controller gain values. For better control dynamics and to reduce 
the steady state error, proportional and integral gain values are required to be calculated. 
Systems with different designs are modelled for distinctive controller gain values. Since weak AC 
grids are usually considered unstable, they require coordinated control. The gain values have a 




significant impact on the overall performance of the system. For integration of wind farms with 
a weak AC grid, reduced PLL gains are suggested [39]-[40]. However, high gain values are being 
employed recently to apply voltage control for fast power ramp and stable active power output 
[41]. The control system must be designed to support stable operation under every AC grid 
situation. The integration between VSCs and AC grids depends largely on the grid strength. For 
instance, the current control loop of a converter can get destabilised due to high grid impedance 
and hence produce resonance in the system [42].  
2.5 Grid Code Requirements 
In this section grid code requirements are discussed in relation to wind turbine integration with 
weak AC grids. The two most well-known grid codes— German VDN and ENSTO-E— are reviewed 
in terms of their standards. The German VDN is a well-established code and has been followed 
in different parts of the world. European network for transmission system operators for 
electricity (ENSTO-E) has recently designed a grid code which is prevalent in most of the European 
countries [7][43].   
Considering the grid code compliance under fault conditions. Both grid codes have introduced 
FRT requirements. According to German VDN, the wind power producers (WPPs) are expected 
to stay connected even if the grid voltage drops down to zero as shown in Fig. 2.8(a). At that 
point, reactive current injection (RCI) is required in proportion with the change in grid voltage. 
With reference to Fig. 2.8 (b), the gain margin is set between 0-10 with the default value of 2 i.e 
for each percent drop in the voltage, double the percent of reactive current should be injected. 
Therefore, when the grid voltage drops below 50%, 1pu reactive current needs to be injected. 
Meanwhile, limitation on active current is also applied to make sure that the total current 
magnitude does not exceed the rated value. The FRT code requirement is usually defined for the 
PCC of a WPP, whereas RCI is provisioned at the turbine output to support different WPP stability 
solutions.    


















During post-fault recovery period, RCI is required to be continued for 500ms and at the same 
time active power ramp-up will be 10-20% of the nominal value. Hence German VDN requires 
the WPPs to carry out proportional voltage control scheme at the PCC and behaves similarly to 
conventional power plants (CPP).  
Fault requirements of ENSTO-E are similar to German VDN with a few differences. For example, 
as shown in Fig 2.9, the ENSTO-E requires the WPP to stay connected to the grid even if the 
voltage drops down to zero. Furthermore, with respect to step response of RCI it is stated that 
the WPP or a single WT should be able to provide 2/3 of additional reactive current for the time 
period specified by the transmission system operator (TSO). This time period should not be less 






























Figure 2.8: German Grid Code Requirements (a) FRT, (b) RCI , (c) RCI Step Response Requirements [7] 










In relation to the asymmetrical faults, not much explanation is provided in VDN on how to 
calculate the required reactive current. However, 40% of the maximum rated current is allowed 
to be injected [7]. In ENSTO-E the amount of required reactive current is decided between the 
TSO and the supplier.    
From the two grid codes, it can be stated that the asymmetrical faults are not considered 
exclusively because of its less severity and less impact on the power system stability [44]. 
However, the asymmetrical faults do occur frequently. From the stats given in [45] symmetrical 
faults only appear 5%, compared to asymmetrical faults i.e in the form single line to ground fault 
70%, line-to-line fault 15% and double line to ground fault 10%.  
In summary, the abovementioned grid codes require the WPP to stay connected during voltage 
faults irrespective of the nature of fault. For both symmetrical and asymmetrical severe voltage 
faults, the WPP is required to inject positive sequence reactive current in proportion to the 
voltage deviation.  
Similarly, weak AC grid terminology is also very much prevalent in the society but not discussed 
specifically in any of the grid codes. In this thesis, weak AC grid is discussed as a case study to 
address the power distribution issues in the rural areas where small wind turbines are connected.  
Both symmetrical and asymmetrical grid voltage conditions are considered, and optimal current 
















Figure 2.9: ENSTO-E Grid Code FRT Requirements (a) <110kV (b) >110kV [43] 




2.6 Stability Challenges in WPP Integrated to Weak AC Grids 
Stability of the WPPs connected to weak AC grids depends on the overall strength of the grid. 
Most of the grid codes are regulated for the transient situations in the network. For instance, 
during FRT the WPP needs to stay connected to the AC grid and ensure minimum power losses. 
The FRT technique provides AC grid support by regulating the voltage and frequency operating 
ranges.  If a WPP is connected to a weak AC grid, there might be chances of disconnection and 
power loss which can lead to system instability. In this case, a robust control technique is required 
to implement FRT and provide support for pre and post fault scenarios. The technical challenges 
which can occur during transient conditions and their stability solutions are discussed below: 
2.6.1 Implementation of FRT Techniques 
FRT is the ability of a WPP to sustain any fault situation on the grid side. It is also required to 
improve the WPPs performance during and after the grid fault is cleared. To implement FRT, 
reactive power is needed to be injected to support the grid voltage. The control is implemented 
either with the help of existing power converters of the WECS or an additional shunt connected 
device.  
2.6.1.1 FRT with Power Converters 
Full power converters are usually preferred to provide FRT support. These converters are 
programmed to perform coordinated power injection, based on the coordination of active and 
reactive powers so that the current magnitude Imag remains within the maximum rated limits. For 
a grid with low X/R ratio, more of active current Id is injected to support the active power, whereas 
for high X/R ratio reactive current Iq is prioritised to keep the coordination.  The maximum 
coordinated current magnitude can be expressed as [46]: 
                                                                 2 2
mag d q ratedI I I I                                                                         (2.2) 
For different wind turbine systems, multiple control techniques have been devised and 
implemented by shifting the roles between the attached back-to-back converters. The grid side 
converter (GSC) usually handles the power injection into the grid. The DC link voltage regulation 




could be performed by both machine side converter (MSC) or the GSC. To limit the active power 
transfer from the WPP to the AC grid during fault, DC link voltage regulation is usually achieved 
with the help of MSC [31]. At the same time, MSC can also be used to regulate the operation of 
the wind generator and achieve MPPT. The performance of the converters is detailed further in 
the section 2.6.2.  
2.6.1.2 FRT with External Devices 
It must be noted that to achieve FRT, higher reactive current injection is needed. This 
requirement particularly becomes serious in case of a weak AC grid, where dV/dQ sensitivity is 
high. It is also known that the full-scale converters have limited current capabilities confined 
within their ratings. For that reason, supplementary support is sometimes required for higher 
current injection. Furthermore, this support is not only needed for higher current injection but 
also required to handle the surplus power generated from the wind turbine [47]. To realise this, 
the most common practices are discussed below: 
 
 Crowbar resistor and DC chopper 
To control the surplus power in a type-3 WECS, a crowbar resistor is used. Once a fault is 
detected, the crowbar gets activated and the surplus power dissipates through it [48]. During the 
procedure the MSC remains blocked and the rotor windings of the DFIG are short circuited with 
the help of the resistor. The value of the resistance is selected to make sure that the fault current 
reduces to the nominal value. For improved dynamic response, the crowbar is switched-in using 
a controlled switch which could be an IGBT or a thyristor. Another possible application is to use 
a DC chopper in conjunction with the crowbar which also helps reducing the surplus energy in 
the DC link.  
The DC chopper is usually employed in a type-4 WECS due to its fast dynamics and low initial cost. 
The concept has been evolved into electromagnetic braking system. The braking resistor is 
connected across the DC link capacitor with the help of an electric switch. It is designed according 
to the power rating of the WECS and depends on the heat dissipation capability of the resistor 
and the switch. Due to high power dissipation, this technique is considered less efficient [49].  




 Pitch angle control 
A simple approach to deal with the surplus energy for type-3 and type-4 wind turbines is by 
reducing the power capture from the wind. Whenever a voltage dip is detected at the grid side, 
pitch angle control gets activated to increase the pitch angle of the blades. With the increased 
pitch angle, the reference active power for the power converter will be reduced in proportion to 
the wind speed [50][46]. Due to large moment of inertia of the generator rotor, the overall 
dynamic response of the pitch control becomes very slow and struggles to comply with the grid 
codes. 
 
 Energy storage system 
The excessive wind energy can also be reserved in energy storage systems (ESSs), which usually 
consist of individual electric, mechanical and electromechanical systems or their combination 
based on the design considerations [51]. After the fault is cleared, the stored energy could be 
sent to the utility grid. The ESS is mostly based on an independently controlled power converter 
system and for that reason, the response time is much faster than the pitch control. The ESS is 
also sensitive to severe faults and usually requires a high storage capacity; resulting in increased 
overall cost of the system [52]. At MW power lever, the initial cost for ESS is very high and it must 
be designed optimally to be used during normal operating mode as well. For the grid code 
compliance and for less capital investment, another old strategy explained in [53] can also be 
used where inertia is being stored in the rotating blades to avoid the cost and complexity 
associated with the hardware.  
 
 Reactive power compensator 
For wind energy systems, ancillary services are also provided with the help of shunt-connected 
systems. These systems are used to improve the FRT capability and mitigate voltage fluctuations 
resulting from wind variations and load changes [54]. Reactive power compensators can also be 
classified as flexible AC transmission system (FACTS). FACTS devices can provide complete 
dynamic control over the transmission line impedance, magnitude and phase angle of the grid 
voltage. Static synchronous compensator (STATCOM) is the most famous among all the FACTS 




devices.  STATCOMs are used to enhance power stability by controlling the voltage transients and 
rotor speed of the wind turbine [54]. Capacitor banks are sometimes also attached to the 
STATCOMs to form an inexpensive compensation system for WECS connected to weak AC grids 
[56]. STATCOMs in combination with GSC provide coordinated reactive power support. The full-
scale GSC provides most of the reactive power during the fault and the STATCOM is only activated 
when extra reactive current is required. This combination helps in reducing the size and cost of 
the STATCOM [57].  
Dynamic voltage restorer (DVR) is another self-commuted reactive power compensator from the 
FACTS family. It is also used to provide enhanced FRT support for variable speed wind turbines 
with full-scale converters. A DVR consists of a three phase converter with an energy storage 
system (ESS) connected in series with the AC grid through a transformer.  The purpose of the 
transformer is to isolate the DVR from the AC grid and regulate the voltage at the required level. 
During a fault condition, the DVR gets activated and injects synchronized voltage to compensate 
for the voltage dips by utilizing power from the ESS. [58]. However, a DVR is not recommended 
for deep voltage sags because unlike conventional transformer, a specific design is required for 
the connecting transformer to avoid saturation and inrush currents [59].  
2.6.2 FRT capability of WPPs 
As discussed in section 2.3 the most conventional wind turbine technologies are: SCIG, DFIG and 
PMSG. The SCIG connects directly to the AC grid and consumes reactive power during a fault. The 
unbalance created due to the difference between mechanical power coming from the wind and 
electrical power from the AC grid will help the rotor of the generator to accelerate. These 
generators suffer even more if connected to weak AC grids. To maintain power stability, more 
reactive power will be absorbed by the generator on the cost of voltage restoration. To restore 
the voltage, the generator will continue to accelerate more and this whole process will lead to 
further voltage instabilities. Eventually the wind generators are required to get disconnected 
during such events [60]-[62].  
In DFIGs, the main drawback is the direct connection of its stator to the AC grid. Because of this, 
the converters are designed according to the slip power i.e 25-30% of the generator rated power 




and result in deficit of reactive power support. Another shortcoming is its sensitivity to high 
current flow during a fault condition. The high current will flow through the stator and due to the 
magnetic coupling between stator and rotor, the rotor would also have high current, causing 
problems in the rotor windings and the converter control. DFIGs also lack control capability over 
unbalanced active power flow during faults, resulting in overvoltage at the DC link [63]. 
A PMSG offers better FRT capability compared to DFIGs because it consists of a full-scale 
converter system and operates independently from the AC grid. The conventional way of 
connecting a PMSG to an AC grid is through a set of back-to-back converters (MSC and GSC) along 
with the transformer and a filter. Where, the MSC implements the MPPT control, the GSC helps 
in regulating the DC link voltage and overall power injection. By considering the PMSG is 
completely decoupled from the AC grid. During a low voltage dip, the active power coming from 
the generator will continue with the same magnitude and leaves less margin for the GSC to 
handle the surplus power. Due to the imbalance between the power extracted and power 
transferred, an overvoltage will occur at the DC link. To deal with it, new control techniques have 
been introduced. In these new techniques, either the design of the control algorithm is improved, 
or the roles of converters are exchanged. To limit the active power transfer during grid fault and 
for improved FRT capability, DC link voltage regulation can be achieved with the help of MSC [31]. 
In this thesis, same topology is employed for the compliance of grid codes during FRT.  
2.7 Conclusion 
This chapter discusses the concept of a weak AC grid in comparison with a strong AC grid. 
Integration of wind farms into the weak AC grids and their design considerations are highlighted 
based on the strength of the grid. Some well-known wind energy conversion systems are 
reviewed and categorized with respect to the nature of the generator. Basic components of the 
wind energy systems are discussed and the control parameters are explained. Grid code 
requirements during fault ride through conditions are examined. Several techniques which are 
utilized to improve the connection and their related challenges are presented to enhance the 
transient stability of the wind farms connected to weak AC grids. Fault conditions are defined for 
the wind power plants and methods are discussed to deal with the help of power converters and 




other external devices. Most of the literature has focused on the stability methods employed by 
using DFIG and PMSG based systems for normal (strong) AC grids. However, more study needs 
to be done when it comes to integrating wind energy systems into weak AC grids, dealing with 
fault conditions and their effects on stability as well as transmission losses.  
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Permanent Magnet Synchronous 
Generator based Wind Energy System 
 
3.1 Introduction  
The basic procedures which are followed to determine the amount of energy extracted and 
converted by a wind energy conversion system (WECS) are discussed in this chapter. A detailed 
study on permanent magnet synchronous generator (PMSG) based WECS is presented in addition 
to the control models for machine and grid side converters. Furthermore, an analysis is 
performed to anticipate the amount of power transferred from the turbine to the grid along with 
the associated losses incurred by the system.  
3.2 Wind Turbines Basics  
This section discusses the basic concepts of a wind turbine. Power extracted from the wind in 
conjunction with the tip speed ratio (TSR) and maximum power point tracking (MPPT) is also 
investigated.  
3.2.1 Wind Power 
The power extracted from the wind is based on three major factors: 
i. Wind speed 
ii. Turbine characteristics 
iii. Shaft Speed  
The total power from the wind can be derived from the concept of kinetic energy (Ek) being 
produced from the moving air mass.
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2
kE mv                                                                                              (3.1) 
This energy can also be represented as power (P) extracted from the wind with respect to the 
time (t). 
                                                                             
kEP
t
                                                                                                  (3.2) 
 By combining the above expressions, the total power can be formulated as: 
                                                                        
31
2
totP Av                                                                                          (3.3) 
Where  =air density, A=area swept by the blades and v= wind velocity.  
The kinetic energy from the moving air is transferred into mechanical energy. The complete 
transfer of energy from the moving air is not possible. As a result, Betz quantified an expression 
and according to that, only 59% of energy can be absorbed from the moving air mass [1]. 






Betz p BetzP Av C                                                                           (3.4)       
Where Cp,Betz =0.59,  is the wind turbine power coefficient. 
3.2.2 Power Coefficient and Tip Speed Ratio (TSR) 
The power coefficient Cp, is the ratio between the actual power extracted and the maximum 
power that could be harnessed from the wind. It is expressed as: 







                                                                    (3.5) 
The value of Cp is a function of wind speed, turbine speed and the pitch angle. The pitch angle is 
referred to as an angle at which the turbine blades are aligned in or out of the wind. For small 
scale wind turbines, pitch angle β is assumed to stay constant and does not affect the Cp .The tip 
speed ratio λ is the ratio between wind speed and the speed of the turbine.  
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                                                                     (3.6) 
Where R=turbine blade radius, ωturbine= rotating speed of the blades and vwind=wind velocity.  











3.2.3 Maximum Power Point Tracking (MPPT) 
To extract maximum power, the operating speed of the variable-speed turbines should be 
adjusted according to the wind speed. With the help of wind speed sensors, the operating speed 
of the turbine is estimated and then control scheme is applied to trace the wind speed profile. 
This type of tracking requires complete information about the wind turbine characteristics and 
its power vs speed curves at varying wind speeds and pitch angles. In this thesis, a fixed pitch 
wind turbine is considered and each wind speed will have its own individual power vs speed 
curve.  From equation (3.4), Cp is the only controllable parameter. In Fig.3.2, the power-speed 
curves are presented which show the maximum power points at given speeds. 
 
 
Figure 3.1: Power Coefficient vs Tip Speed Ratio 














Besides power-speed curve, there are two other methods to implement MPPT for wind turbines. 
However, in this thesis the wind turbine is studied according to power-speed curve. With respect 
to power-speed curve, the generator speed needs to be maintained at all the times to harness 
maximum wind energy [2]. From the curves shown in Fig. 3.2 the maximum power coefficient Kp 
can be formulated as: 
                                                                   
3
max pP K                                                              (3.7) 
3.3 Machine-Side Modelling and Control  
The WECS studied in this thesis comprises a wind turbine emulator and a grid-tied PMSG with 
back-to-back converters. A 3.3kW surface mounted PMSG is considered for the experimental 
investigation. The generator is controlled during both symmetrical and asymmetrical grid voltage 
conditions. Since this thesis is more focused on the grid-side control and provides solution for 
enhanced power delivery into the grid, the machine-side control is simplified by considering the 
turbine to operate at a constant speed (200rpm) throughout the experiments. Although the 
 
Figure 3.2: Power-Speed Curve 
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speed is set to remain fixed, the control structure discussed in section 3.4 for the grid-side 
converter (GSC) can still offer MPPT for varying wind speeds. However, it has not been employed 
because of not being part of the case study. On the other hand, the machine/generator side 
converter (MSC) is used to regulate the DC link voltage by controlling the speed of the generator.  
In case of deep voltage sags, the MSC will utilize the available mechanical energy and increase 
the speed of the generator to regulate the DC link voltage and limit the active power injection. 
The speed and position of the generator will be monitored using an encoder. The phase and 
magnitude information of the voltages and currents will be determined using transducers. All the 
converted electrical signals from the physical quantities will be sent to the National Instruments 
PXI controller to perform the experimental analysis. Fig. 3.3 illustrates an overview of the 











3.3.1 DQ model of the Machine-Side 
Variable speed wind turbines require dynamic control techniques under varying wind conditions. 
From reference frame theory, the synchronous reference frame consists of d (real) and q 










                                           
Figure 3.3: Machine-side Control Overview 
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implementing field oriented control (FOC).  The equivalent circuit of the PMSG in dq domain is 











From Fig. 3.4, the total dq flux linkage of the machine is given as: 
                                                                            q q qL i                                                                                             (3.8) 
                                                                        d d d pmL i                                                                                 (3.9) 
The two induced voltages in dq-axis coils are rotational and transformer emfs. The transformer 
emfs are induced due to the rate of change of flux linkage in the coil with respect to the dq axis 
and are represented as: 





                                                                    (3.10) 





                                                                       (3.11) 
The rotational emfs are induced due to the movement between fluxes in the machine and stator 
















                                (b) 
Figure 3.4: (a) d-axis Generator Model, (b) q-axis Generator Model 
Generator Control Overview 
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                                                                    : qd axis                                                                 (3.12) 
                                                                           : dq axis                                                           (3.13) 
Equations (3.12) and (3.13) introduce cross coupling in the dq voltage expressions and are 
presented as: 
                                                            




                                                          (3.14) 
                                                                    




                                                          (3.15) 
To remove the cross coupling, (3.12) and (3.13) are subtracted respectively from the dq voltages. 
As a result, both voltage expressions are considered decoupled from each other. By using (3.8) 
and (3.9), the abovementioned voltage expressions can also be written as: 
                                                             d
d d d d q
di
v Ri L L i
dt
                                                   (3.16) 
                                                                q
q q q d d pm
di
v Ri L L i
dt
                                                       (3.17) 
For surface mounted PMSG, Ld=Lq. The electromagnetic torque in (3.18) can be further simplified 
in (3.19) as: 
                                                                  3 [ ( ) ]
2
e pm q d q d qT p i L L i i                                                         (3.18) 




e pm qT p i                                                  (3.19) 
3.3.2 Control of the Machine-Side 
The MSC control consists of two control loops. The inner loop controls the current, whereas the 
outer loop is for the speed control. The inner control loop controls the magnitude of the direct 
current and mostly adjusted independently based on the control technique. However, the outer 
control loop regulates the reference value of the quadrature current and the applied torque.  The 
most famous control method for PMSGs is the maximum torque per ampere method. From 
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equation (3.19), it is obvious that the direct current component does not affect the produced 
torque and therefore it is set to be equal to zero. This will assist in minimising the total stator 
current and incur reduced resistive losses. The transfer functions for both control loops are 
illustrated in Appendix-A. 
As mentioned above, the power converter contains two cascaded control loops. In the 
conventional control method for PMSG based WECS, the MSC implements the MPPT and the DC 
link voltage regulation is performed by the GSC. However, in [3] a new technique is introduced 
to support fault ride through (FRT), where the DC link voltage is controlled by the MSC and the 
GSC is used to implement the MPPT when needed. With this method, whenever a voltage dip is 
detected, the DC link voltage continues to regulate at the nominal value by limiting the power 
generation from the PMSG [4]-[5]. Because the incoming power is controlled by the MSC, the 
GSC will act as a STATCOM and can independently inject active/reactive currents according to 
the grid codes. This technique is similar to de-loading approach introduced in [6], where 
mechanical part of the wind turbine acts as an energy storage by increasing the rotational speed. 
However, due to non-linear relationship between the DC link voltage and the incoming power, a 
feedback linearization technique is introduced in [7] to reduce the DC link voltage overshoots. By 
adopting this technique, the external device needed to support FRT can be avoided, hence 
making it less expensive but more computer intensive.  The PI control structure implemented in 
this thesis is adapted from a new and improved method shown in Fig.3.5 [8]. The d-axis current 
component is set to zero and the q-axis current component in the outer loop regulates the DC 
link voltage. As mentioned earlier that the power generated from turbine is controlled by the grid 
side converter, it will act as a dynamic current limiter to reduce the d-axis current during a grid 
fault and hence the PMSG power can be controlled. Furthermore, the q-axis current component 
provides reactive power support according to the given grid codes. In this technique, per unit d 
and q voltages are compared with the reference values and the resulting error value is used to 
generate the PWM for the converter to compensate for the potential difference. The main 
advantage of this new technique is that it offers the best regulation of the generated active power 
as soon as a grid fault is detected [10].  
 











3.4 Grid-Side Modelling and Control  
The grid-side includes a full-scale converter integrated into the grid through an LC filter. The 
converter is envisaged to invert the DC-link voltage into three-phase AC voltage synchronised 
with the grid. Selection of the filter and its components is also critical for reducing harmonics in 
the grid currents. The space vector pulse width modulation scheme (SVPWM) will be employed 
for better utilization of the DC link voltage with reduced current harmonics. In this thesis, the 
grid-side control will operate in two modes depending on grid voltage conditions: 
(a) Symmetrical grid voltages (b) Asymmetrical grid voltages.     
During symmetrical grid voltages, the converter will inject the currents by adopting the basic 
voltage oriented control. The control will be employed for each phase depending on the dynamic 
load condition and the source voltage magnitude. It will also monitor the system’s steady state 
and based on that, decoupled currents would be injected to avoid any transients.  
During asymmetrical voltages, the converter will inject coordinated powers according to power 
factor control mode, which aims to regulate the reactive power and limit the active power being 
transferred from the wind turbine. For a weak AC grid with low X/R ratio, more of active current 
Id is injected to support the active power, whereas for high X/R ratio, reactive current Iq is 

























Figure 3.5: Machine-side PI Control Structure 
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                                                          2 2
mag d q ratedI I I I                                                                         (3.20) 
The control will detect the nature off the fault and inject active/reactive currents based on the 
line impedance (Z=R+jX) values. Furthermore, it will maintain the coordination of active and 
reactive powers by keeping the current magnitude Imag within the maximum rated limits. A 
single-line diagram along with the phasor diagram representing active and reactive powers 







From the power flow characteristics, active and reactive power equations with respect to load 
impedance are given as [11]: 
                                             
2








                                                       (3.21) 
                                              
2
1 2 1 21
2 2 2
cos sinv vVV X VV RV XQ
Z Z Z
 
                                                     (3.22) 
Hence, the current angle characteristics can be expressed as: 





V RV X V RP
I
V Z Z Z

                                                         (3.23) 




V X V RV XQ
I
V Z Z Z
 
                                                          (3.24) 
With reference to Fig.3.6 above, if a very deep voltage sag appears on the grid-side, then V2 will 
almost approach zero. To achieve maximum stability at this point the ratio between active and 










Figure 3.6: Single Phase Equivalent Power Flow and Phasor Diagram 
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                                              (3.25)                          
The equation (3.25) is derived specifically for symmetrical grid faults where the grid voltage drops 
down to 10% of the rated voltage [12]. However, the same expression is employed in this thesis 
for asymmetrical grid faults to achieve maximum power delivery. The details are discussed and 










3.4.1 DQ Model of the Grid-Side 
Similar to the generator control, the grid-side model also needs to be understood in order to 
implement the control of the complete WECS. As mentioned in the section above, the GSC will 
act independently as a STATCOM for active and reactive current injections. This could be achieved 
by having a decoupled control on dq-axis current components. The converter and grid-side 
voltage equations are given as: 
                                              , , .
d
d grid T d T d conv T q
dI
V R I L V L I
dt
                                                      (3.26) 
                                               
, , .
q
q grid T q T q conv T d
dI
V R I L V L I
dt




















Figure 3.7: Grid Side Control Overview 
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Where, RT = parasitic resistance of the filter components, LT = inductance of the LC filter and 
ω=angular frequency.  
The active and reactive power components absorbed by the grid are expressed as: 
                                                                
3
2
grid d dP V I                                                                 (3.28) 
                                                                        
3
2
grid q qQ V I                                                                  (3.29) 
For asymmetrical faults, dual sequence current injection method will be adopted. The voltage 
expressions transformed from (3.26) and (3.27) for positive and negative sequences are given as 
[8]:  
                                               , ,
dq
dq conv T dq T T dq dq grid
dI




                                            (3.30) 
                                                , ,
dq
dq conv T dq T T dq dq grid
dI




                                           (3.31) 
The detailed grid-side control modelling for asymmetrical faults is discussed in chapter-6.  
3.4.2 Control of the Grid-Side 
A coordinated control approach is applied with the GSC. In this thesis, a weak grid with 
unbalanced loading is considered and enhanced power delivery solution is implemented with the 
help of optimal current injection methods. The methods depend on the dynamic parameters of 
the grid and for that reason, the GSC will operate as a governing part and perform two important 
functions. Firstly, it will implement grid impedance estimation. Secondly, the currents will be 
injected based on the grid impedance values and the voltage conditions. The current injection 
schemes are discussed for both symmetrical and asymmetrical grid voltage conditions and 
implemented in chapters-5 and 6 respectively. The grid-side control is illustrated in Fig.3.8.  
 
 











As mentioned earlier, the GSC will operate as a supervisory component and according to Fig. 3.9, 
its performance will be analysed under two grid voltage conditions. 
1- During balanced/symmetrical grid voltages ( 0.9pu ≤Vg≤1.1pu ) 
2- During unbalanced/asymmetrical grid voltages. ( Vg<0.9pu ) 
Due to dual mode operation, the GSC will require an instruction from the outer control loop to 
decide the function sequence. For the first case (0.9pu ≤Vg≤1.1pu), with reference to Fig. 3.9 the 
GSC will implement the MPPT. By following the power-speed curve from Fig. 3.2, the maximum 
captured wind energy Popt will be transmitted to the grid. Once Pgrid is obtained, optimal current 
injection will be implemented which is discussed in chapter-5. Similarly for the second case 
(Vg<0.9pu) when reactive power is required, the GSC control will switch from the MPPT mode to 
the fault recovery mode and will redistribute the currents according to the coordinated current 
































































Figure 3.9: Control Mode Selection 
Figure 3.8: Grid Side Control Structure 
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3.5 Machine Parameters and Power Production 
In this section, the theoretical performance and expected power production of the WECS being 
considered in this thesis is analysed. The power analysis is based on the functions of speed and 
loading, which include stator winding impedance, mechanical losses and flux characteristics 
associated with the generator. Ideal tracking of speed is considered for the analysis, hence 
maximum power extraction is expected. The applicable machine parameters are given in Table 
3.1 and by incorporating these, a complete power loss analysis of the system is carried out 
analytically based on the expressions for calculating mechanical and electrical losses.  
 
3.5.1 Projected Power Transfer from Turbine to the Grid 
The power generated from the turbine Pturbine gets dissipated in the form of electrical and 
mechanical losses before reaching the grid. The resultant power which gets transferred to the 
grid can be mathematically expressed as: 
                                                         cogrid gen nv filterP P P P                                                            (3.32) 
Stator resistance, Rs 0.76Ω 
d-axis stator inductance, Ld 6.5mH 
q-axis stator inductance, Lq 6.5mH 
PM excitation, λpm 0.74Wb 
Core loss constant, Kc(f) 𝐾𝑐(𝑓) = 0.0134𝜔
2 + 1.585𝜔 
Rotational losses, Protational 𝑃𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙(𝜔) = 0.0331𝜔
2 + 13.75𝜔 − 23.5𝑊 
Table 3.1. Generator Parameters 
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The expected generator output power can be calculated by subtracting the predicted copper 
losses, frictional losses and the electromagnetic torque produced at the shaft from the power 
stored in the turbine.    
                                                   gen turbine cu rotational shaftP P P P P                                            (3.33) 
 Pturbine:  
From equation (3.4) the shaft /turbine power extracted from the wind can be given as: 
                                                         31 .
2
turbine pP Av C                                                         (3.34) 
From equation (3.6), the given wind speed is:  







                                                           (3.35) 
  By utilising the vwind, Pturbine can be written as: 














                                                (3.36) 














                                          (3.37) 
From Fig 3.1 and 3.2, it is assumed that the turbine operates at ideal TSR (λopt) and maximum 
power coefficient (Cp). Therefore, the optimal values are considered, where Cp=0.48 and λopt=8 
at generator speed (ωg) of 200rpm (20.93m/s). Now if the dry air density (ρ) is considered to be 
1.20kg/m3 and radius of the turbine (R) is 2.96m. Then the calculated Pturbine=3665.86W.                                                  
 Pcu:  
The copper losses are the function of total stator current, provided in the relationship below:  
                                                               
2 23 ( )cu s ds qsR I IP                                                       (3.38) 
From Table 3.1, Rs=0.76Ω and during normal operational condition the dq-axis stator currents are 
Ids=4.45A and Iqs=0.1A. Hence the calculated copper losses would be Pcu=46.2W. By minimising 
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the direct current component, the copper losses can also be reduced. However, it does not curtail 
the other losses in the machine.  
 Protatinoal:  
By assuming that the core losses stay constant under loaded condition. A derived polynomial given 
in Table 3.1 is used to calculate the rotational losses of the machine. The expression complies with 
the machine theory only when a speed higher than 4.2m/s is considered. At 20.93m/s (200rpm) 
the rotational losses are calculated to be 278.6W.  
 Pshaft:  
By incorporating speed and power values, the ideal torque required to maintain the speed is 
given in (3.40). The total electromagnetic torque is the difference between the torque produced 
at the shaft and the frictional torque experienced by the machine. Furthermore, the power 
dissipated at the shaft is a function of the electromagnetic torque developed and the speed 
attained.  
                                                                .shaft em shaftP T                                                                (3.39) 




em pm q d q d qT p i L L i i                                                    (3.40) 
For a surface mounted permanent magnet machine, Ld=Lq , electromagnetic torque can be 
expressed as: 
                                                             
3
2
em pm qT p i                                                              (3.41) 
Hence, for a 15 pole-pair machine at the shaft speed of 20.93m/s, the Pshaft=34.84W. From 
equation (3.33), the Pgen can be calculated as:  
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 Pconv:  
The power loss in the converters majorly include DC link capacitor losses, switching losses, 
conduction losses and the parasitic losses inside the connected filter. In this thesis two back-to-
back two-level converters are used for the hardware setup. The power loss equation for the 
converters is expressed as: 
                                                     . .2(3 3 )conv cap conduct swP P P P                                                    (3.42) 
The per-phase conduction and switching losses of the rated two-level converters calculated from 
the analysis performed in [13]-[15], are given as: . 16.4conductP W and 33.7swP W . 
The DC link capacitor losses can be determined by considering the rms value of current across 
the capacitor. The capacitor current has a charging and discharging component which can be 
expressed as [16]: 
                                                                   2 2. .rms chrg discI I I                                                                 (3.43) 
Where, Ichrg. is the charging current and Idisc. is the discharging current.
 
If the values of the charging 
and discharging currents are known, their square root can be multiplied by the estimated 
equivalent series resistance (ESR) values of the capacitor to give the power dissipated across the 
DC link capacitors.  
                                                                             
2.cap rmsP ESR I                                                                            (3.44) 






The capacitors used in this project for the DC link are 4x4700uF, maximum ESR value is considered 
and the total loss per capacitor is shown in Table 3.3. This can give the best approximation of the 













Table 3.2. Typical Values of Equivalent Series Resistance [16] 
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power dissipation, however more detailed analysis could also be performed by incorporating 






An LC filter is used in this project. The passive damping resistor was set to be 1/3 of the capacitor 
impedance at the resonant frequency [17]-[19], and its value is approximated to be 0.3Ω. Hence 
the power dissipated across the filter is: 
                                                                
2 . 6.12filter ratedP I R W                                                                   (3.45) 
By putting the values of Pgen , Pfilter and Pconv in equation (3.32), the approximated power that 
reaches the grid at the PCC is, Pgrid or PPCC =2980W.  
It is to be noted that several assumptions have been made before getting to this result. 
Mechanical losses related to the coupling between the prime mover (induction machine) and the 
generator were not included in the analysis. The impact of the temperature on the machine 
parameters has also been omitted. The basic aim of this section is to develop understanding 
about the power losses happening inside the system components. After calculating the 
approximated power transferred to the PCC, this value is used as a feedback for the control to 
perform optimal current injection for maximized power transfer into the given weak AC grid.  
3.6 Conclusion 
In this chapter basic concepts of the wind turbine parameters have been discussed. Conversion 
of wind power into electrical power and associated power losses are reviewed. Primary 
expressions for wind power, power coefficient, tip speed ratio and maximum power point 
tracking are derived. Additionally, dq control models are investigated for both grid and machine 
side converters. Dual sequence vector control is implemented for the grid-side during 
asymmetrical voltage conditions. Furthermore, actual machine parameters are considered and a 
Ichrg Idisc Irms ESR(Ω) Loss/Capacitor Total Loss(W) 
3.16 2.69 4.15 0.23 3.96 3.96×4=15.84 
Table 3.3. DC Link Loss Calculation 
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power loss analysis is conducted to predict the power delivered by the converters. The analysis 
was presented to illustrate the amount of power lost during generation in the form of rotation, 
conduction, heating, switching and copper losses. 
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Grid Impedance Estimation 
 
4.1 Introduction  
Multiple grid contingency applications depend on the grid impedance which has to be known in 
advance. This could be required to assist optimal power distribution by considering the grid 
impedance as Thevenin impedance seen from an arbitrary node [1]-[3]. To implement optimal 
power distribution, optimal current calculation and injection is required. The optimal current 
regulation techniques discussed in this thesis are based on complete information of pre-
determined value of the Thevenin impedance. Once extracted, these values are fed-back to the 
controller to make necessary changes in terms of currents requirement. This chapter 
encompasses a review on conventional and recent impedance estimation techniques. A modified 
version of the PQ power variation technique is proposed because of its simple implementation 
and relevance with the theme of the research conducted in this thesis. This is also one of the 
major contributions of this thesis as discussed in section 1.8. To emulate an impedance model, 
an experimental setup is employed. Power variations are applied to estimate the impedances 
and compared with the actual values to validate the analysis.     
4.2 Impedance Estimation Techniques  
Usually grid impedance estimation is performed by two classified methods, i.e passive and active 
methods [4].  Passive method is based on acquiring and monitoring the signals which are already 
available in the system. The distortions in the signals which are to be monitored are mostly not 
large enough to be measured accurately, therefore it is hard to estimate the exact value of the 
impedance. With active method, disturbance is created deliberately at the PCC and the 
impedance is estimated depending on the response from the grid to that disturbance [5]-[9]. The 




most common disturbances generated by the active method are summarized into three 
categories: 
 Current Transient: 
A current pulse is injected into the system to measure the resultant voltage transient. In this 
method high quality analogue-to-digital data acquisition devices are required to perform 
numerical measurements dynamically and reduce the associated noise in the signals.   
 
 Inter-Harmonics: 
Non-characteristic sub-harmonics are injected at the PCC to predict the grid impedance at a 
particular frequency. Discrete Fourier transform is applied to perform the analysis on the 
captured data points. 
 
 Power Variations::  
Similar to the current transient method, active and reactive components of the currents are 
perturbed to produce power variations. The amplitude of the power variations are recorded to 
perform the grid impedance calculation.  
Due to repeated injection of the disturbances, active methods are also prone to high signal to 
noise ratio and total harmonic distortion. Furthermore, with having a very small detection zone, 
the accuracy of the acquired information also gets reduced under variable frequency conditions. 
The period of time during which the grid impedance is estimated is another consideration when 
implementing the active methods and as a result can be sub-categorized into two groups:  
  
 Online Method: 
This method is based on runtime grid impedance estimation. The injection of disturbance, 
acquisition of data and calculations are made at the same time the system is being executed. The 
inverter operates according to the changing operating conditions which also assist in improving 
the overall stability.  




 Offline Method: 
With offline method, the system operates in two phases. In the first phase, data is acquired and 
processed for the calculations and in the second phase estimated grid impedance values are used 
as functions for the control of the system.  
4.3 Research Review of the Techniques  
In this section a brief review is done on the conventional techniques available to estimate the 
impedance of the network. In [10], phasor measurement units (PMUs) are utilized to determine 
the impedance matrix based on synchronous voltages and currents for a multi-source multi-load 
grid. The information acquired is then used in a recursive least square algorithm. The authors 
have reduced the complexity of the algorithm but a large number of calculations are required to 
be performed concurrently at a high rate to improve the correctness. The authors have also 
introduced a forgetting factor to reduce the dependence on the past values of the acquired data 
for efficient impedance estimation. Since the algorithm does not inject any disturbance in the 
grid and the parameters are estimated using synchronous measurements of currents and 
voltages, specialized hardware is required at each node in the grid. The active methods usually 
lack synchronization between the grid nodes and introduce instability into the network and 
hence could not be implemented in conjunction with the discussed algorithm.  
In [11], a method is proposed to measure the impedance by introducing resonance in the LCL 
filter connected between the inverter and the grid. The filter can be evoked in three different 
ways: 
 By increasing the proportional gain of the current controller. 
 By adding extra poles or zeros in the control design to push the response of the controller 
out of stability region. 
 By varying the modulation index of the PWM. 
This method is generally based on the natural resonance of the LCL filter which is susceptible to 
the change in the grid impedance.  Therefore, the LCL filter needs to be properly damped to avoid 
unwanted instabilities. The precise instability is introduced by exploiting the frequency 




characteristics and fast Fourier transform (FFT) is implemented for data analysis. The only 
disadvantage with this technique is that the implementation of FFT can overload the digital signal 
processor (DSP) for recursive measurements.  
In [12], another technique is implemented. A digital processor is used to process the inter-
harmonic disturbance with the help of delicate sensors. The digital processor contains discrete 
Fourier transform (DFT) modules to extract the inter-harmonic current response. One possible 
limitation of this method is to have knowledge of the initial grid impedance. For that, feed-
forward voltage coefficients can be used to obtain the impedance values. The authors have also 
proposed another technique where weighted coefficients of the sensed filter currents are 
employed to suppress the resonant peak from 3rd order to 1st order harmonics without using any 
passive damping. This technique provides adaptive approach for the grid tied inverters to 
maintain stability especially for weak grids.  
It has been noted that among active methods, the current injection is more beneficial compared 
to the voltage injection.  With the current injection, the controller’s response does not get 
affected by the system’s parameters. The output filter and the grid impedance do not affect the 
rise time of the current unlike in voltage injection. Hence with the current injection scheme, 
tuning of the controllers is easy and response time can also be enhanced.  
In [13], the grid impedance estimation is based on moving window DFT calculation. Because the 
running sum approach to calculate the DFT overloads the DSP, the moving window technique 
reduces the time required for the calculations. Furthermore, by repeated estimations and 
averaged results, it guarantees accuracy and reduced total harmonic distortion. The estimation 
is given as a ratio between the DFT of the voltage response and the injected current at the inter-
harmonic frequency. Moreover, the previously estimated value of the impedance should be 
multiplied by the grid frequency and divided by the inter-harmonic frequency. For improved 
measurement, the inter-harmonic frequency is tried to be kept close to the grid frequency.   
Another method for the impedance estimation is active and reactive power variation for a single 
phase system [14]. With this method, the grid impedance is determined by producing variation 
in the active and reactive powers. The variation happens by injecting current references in a 
synchronous reference frame. Two working points are considered which are created at the point 




of disturbance and before the disturbance is created. The resultant change in the synchronous 
voltage is also measured to calculate the impedance values.  During this method, the impedance 
is considered to be linear and the grid voltage will also stay constant.   
This method was first introduced for multiphase circuits in [15]-[18] and was known as 
“Generalized Theory of the Instantaneous Reactive Power in Three Phase Circuits”, which is also 
called “P-Q Theory”. Since the case study of this thesis is to inject optimal currents for maximum 
power transfer, the P (active) Q (reactive) power variation technique is selected. With PQ 
variation technique, no separate injection of signal is required to create a disturbance; hence 
total harmonic distortion does not shoot abruptly. Furthermore, it is computationally less 
intensive and does not require advanced analogue-to-digital data acquisition devices, thereby 
consuming less processing (DSP/FPGA) memory.  The experimental hardware considered for this 
thesis consists of a distributed unbalanced weak grid, where each line would have different 
impedances. The forthcoming sections will discuss the theory to estimate the individual line 
impedances of a multiphase system [14]-[18].  
4.4 PQ Variation Technique  
After discussing the conventional methods for grid impedance measurement and their 
implementation on multiphase and poly-phase systems. The PQ theory defined in [15]-[18] is 
illustrated in the sections below and an analysis is performed to evaluate its performance. 
4.4.1 General Requirements for the PQ Variation Technique 
To implement the PQ variation method, it must be made sure that the voltage and current values 
are acquired in synchronous reference frame. The synchronous reference frame rotates at the 
grid frequency and has the same voltage as that of the grid voltage. Whereas, the stationary 
reference frame demands the calculation of both amplitude and phase for correct phasor 
representation. The transformation from the stationary reference (ɑβ-axis) frame to rotating 
reference (dq-axis) frame is called Park’s Transformation. According to the theory presented in 
[15]-[18], it must be noticed that the –q axis is considered instead of q axis in Park’s 




transformation. Furthermore, all other variables are referred to the grid voltage (Vg). If grid 
voltage and the grid current are considered to be in the same phase, then the d-axis component 
should have a constant value and q-axis component is considered to be an error value. In 
stationary reference frame, the grid voltage can be represented as: 













                                                                      (4.1) 
The magnitude of the grid voltage would be: 
                                                                  2 2
gV V V                                                                                      (4.2) 
And the phase angle can be calculated as: 





                                                                                (4.3) 
Now by considering θg=θ, Vd will become equal to Vg and Vq=0. The Park’s transformation is: 
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Similarly, the dq-axis current components can be written as, 
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If the reference currents in the stationary reference frame are 
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                                                                        (4.6) 
Then, by substituting equations (4.1) in (4.4) and (4.6) would give the expressions for Id and Iq. 
From equations (4.7) and (4.8), the relationship of Id and Iq with active and reactive powers can 
be seen as:  
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Since –q-axis is considered, -vq and –iq will be used to give Iq,  
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4.4.2 Approach to the Technique w.r.t. a Grid-tied Inverter 
From the analysis done in [14]-[18], it is shown that decoupled injection of active and reactive 
currents can be made possible by orthogonal projections of the current vectors for both poly and 
multi-phase systems. For example, a grid side converter is shown in Fig. 4.1 which is being 
connected to a three wire Thevenin model of a distributed network. The presented Thevenin 
model is composed of grid impedances (Z1, Z2, Z3) with their individual AC voltage supplies         
(Vth1, Vth2, Vth3).  The reason why each phase is treated individually is because of the ease of 








During ideal operating conditions with no grid faults, all power generated from the converter is 






















Figure 4.1:  Grid Side Converter Integrated into Network’s Thevenin model 




references will be applied for each line to produce active/reactive power variations. These 
variations will affect the voltages at the PCC and the resultant change in the voltages is recorded 
to implement the impedance measurements.  The PQ variation method is based on Clark and 
Park’s transformations. The former is used to convert the three phase voltage/current signals 
into two phase signals with same magnitude but 90° phase shifted in a stationary reference 
frame. The latter is used for orthogonal projection of voltage/current vectors on a rotating axis 
with same angular frequency of the grid voltage/current. The reference values of the currents 
would impact the active/reactive power differently. The active current component Id will 
maintain the amplitude and the reactive current component Iq deals with the phase. To 
understand these concepts, basic principles of power theory are revisited below. 
The complex power with active and reactive components can be represented as: 
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V and I are the rms values. The active and reactive powers from equation (4.10) can be 
decomposed in dq-axis components as: 
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The expressions above show the dependence of active and reactive powers on dq-axis current 
components. 
4.4.3 Implementation and Analysis of the Technique 
With reference to the PCC shown in Fig. 4.1, a SCR value will be calculated to measure the 
strength of the grid. Since the system under consideration is going to be connected to a weak 
grid with low SCR value and unequal impedances, the impedance estimation will be implemented 




by perturbing the current in each wire individually. The idea is to change the grid current 
reference in order to disturb the grid active and reactive powers and then measure the 
impedance by calculating the voltage variations with respect to reference values at the PCC. The 
PQ variation method can be implemented in both stationary and rotating reference frames. In 
rotational reference frame the resultant current references would be Id* and Iq*. These currents 
are perturbed to perform a PQ variation which produces two voltage (∆Vd and ∆Vq) operating 
points with respect to the initial grid voltages shown in Fig. 4.2. It is assumed that the grid 
impedance (Zg) would always stay constant while measuring ∆Vd and ∆Vq [19]. Moreover, the 










Single phase active and reactive powers in rotational reference frame are given in equations 
(4.11) and (4.12). To produce power variations, reference currents in dq-axis are presented as 
(4.13) and (4.14). 
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Figure 4.2:  Power and Voltage Variations 
representation 
 




The voltage equations at the PCC from Fig. 4.1 can be derived from [20] and are presented in 
(4.15) and (4.16), where Rth and Lth are the Thevenin resistance and inductance. It can be seen 
that both dq currents have a direct impact on the voltage of the other axis. That means if dq 
current changes, it will bring change to all of the dq voltage vectors regardless of the axis.  
 
                                                                 1 1d th d th q gdV R I L I V                                                                   (4.15) 
                                                                 1 1q th q th d gqV R I L I V                                                                (4.16) 
By considering that the grid inductance does not saturate, the current references in rotating 
reference frame are perturbed and the resultant voltage expressions at the two operating points 
are:  
                                                                          1 1 1d qV V jV                                                                          (4.17)                                                                                                                                                        
                                                                         2 2 2d qV V jV                                                               (4.18)                                                                                                                                                     
From (4.15) and (4.16), the above expressions can be represented as:  
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Since it is assumed that the grid voltage stays constant during the measurements, Vgd and Vgq can 
be omitted from the final expressions to compute the voltage variation. Hence V1 and V2 can be 
expressed as: 
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The voltage change at the PCC between the two operating points will be: 
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Then, the final voltage variation expressions in dq-axis would be:   
                                                                1 1d th d th qV R I L I                                                          (4.25) 
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From (4.11) and (4.12), it can be seen that there is cross- coupling between d and q axis currents. 
Any change in the currents will affect the magnitude as well as the direction of voltage 
components of the other axis. To remove this coupling, the reference currents will be injected in 
such a way that only Id* should be perturbed when measuring Rth and in the case of Lth 
measurement, only Iq* is perturbed. i.e when, ∆Id =0, ∆Iq ≠0 and vice versa. In [5] it has been 
verified that ∆Vq causes sensing error during phase locked loop (PLL) measurement, so only ∆Vd 
will be considered for impedance estimation. After applying the above mentioned conditions in 
(4.25) and (4.26), Rth1 and Lth1 can be expressed as: 
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Hence,                                                           1 1 1th th thZ R j L                                                                 (4.28) 
Likewise, the complete process can be repeated for Zth2 and Zth3 measurements.  It is also 
necessary that the measurements should be taken when the system retains its balance after a 
power disturbance. Furthermore, it is better to acquire the reference values at the start of the 
perturbation because Vg usually takes longer to get settled down at its nominal value. 




4.5 Experimental Setup and Results 
In the previous sections, different impedance estimation techniques have been reviewed and 
one is chosen to be implemented. The analysis performed in the previous section is based on two 
assumptions: 
i. The grid impedance stays constant during the estimation phase. 
ii. The grid side voltage does not change in terms of its amplitude, phase and frequency over 
the measurement period.  
If a non-linear impedance is considered, a reactive power transient would be seen whenever 
there is a change in the grid parameters (Rg, Lg, Vg). Therefore, by monitoring the reactive power 
transient, changes could be detected in the grid parameters.  
4.5.1 Modified PQ Variation Technique 
According to the standard PQ variation technique, the impedance estimation is performed for 
fixed duration of time intervals and takes into account if the system is in a steady state or not. 
So, the main objective of the modified technique is to detect if the steady state has been achieved 
by the system. To bring this adaptability in the system, a method needs to be followed which 
confirms decoupled perturbations without generating any transients. Therefore, with the 
modified technique, impedance estimation will be performed for each phase individually. To 
implement this, active power must be disturbed in a way so that reactive power is not affected. 
Unlike the slow power ramp (averaged) variation method [21], the technique implemented in 
this chapter will not only reduce the transients but will also enhance the dynamic response of 
























To implement impedance estimation for each line, a factious phase is generated from a single 
phase quantity to create a two-phase system. These two phase signals will be orthogonal to each 
other and emulate Clarke’s transformed signals, α and β [22]-[24]. Park’s transformation is then 
applied to these signals to get the DC values for the PI controller and implement synchronous 
reference frame based control. The fictitious orthogonal signal (β) is created by introducing a 90⁰ 
phase shift or a delay of ¼ cycle on the line phase with respect to the real phase (α). It is 
numerically represented as: 
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Figure 4.3:  Grid Side Control for Impedance Measurement and Per Phase 
Reference Current Injection 
































Where, X is the amplitude of a single phase current or voltage, k is the sample number, T is the 
fundamental period and Ts is the sample period. Real time voltage and current signals are 
extracted and each signal is delayed by a quarter-cycle to attain values in the αβ stationery 
reference frame. The abovementioned expressions are also illustrated as a Labview code in        
Fig. B.1 of Appendix-B. A single phase stationary reference model of the grid side converter along 
with the LC filter is shown in Fig. 4.5, where Vɑβ represents constant voltage supply and uɑβ 






It is difficult to estimate the impedance in the stationary reference frame because both amplitude 
and phases should be measured to calculate the correct phasor subtraction. Therefore, signals 
are transformed into dq rotating reference frame where the reference frame rotates at the grid 
frequency with same phase as that of the grid voltages. Since dq transformation will be applied 
on each phase individually, the single phase dq model of the grid side converter can be developed 
as: 
Figure 4.4:  Quarter Cycle Delayed Real and Imaginary Phases 
Figure 4.5: Stationary Reference Frame Single Phase Model  
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Where T is the transformation matrix,  
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The capacitor voltage and inductor current can be expressed in rotating reference frame as:  
Capacitor voltage: 
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Inductor Current: 
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If,  
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Inserting equation (4.37) into (4.33) and (4.34), would give:  
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By further simplifying and neglecting the parasitic resistances rL and rC, the cross coupling terms 
between the dq components can be formulated as: 
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Since the input voltage is the capacitor voltage and the output current is the filter (inductor) 
current. The capacitor voltages are ignored for the final dq decoupling model implemented in 
this thesis. Fig. B.2 in Appendix-B illustrates the Labview code for the decoupling of current 
components. The control technique shown above helps in gaining access to each phase 
individually. It is quite useful in case of unbalanced grid voltages because each phase voltage is 
used as an individual feedback signal and single phase PLLs are implemented to extract the angle 
information. Id* and Iq* values are then perturbed accordingly to perform impedance 































Figure 4.6: GSC and the Filter coupling components: (a) Inductor Currents, (b) Capacitor Voltages 




The complete hardware structure considered for this thesis consists of two parts. The left half 
contains a turbine emulator and a PMSG connected to the machine side converter (MSC). The 
right half comprises of a grid side converter (GSC) connected to a Thevenin model of a weak grid 








4.5.2 The Impedance Estimation 
To validate the analysis and to implement it in a more realistic way, a three phase programmable 
AC supply with negligible line impedance is used to emulate the weak grid condition. However, 
for correct impedance measurement and to increase the weak grid effect, an extra set of 
unbalanced impedances with high X/R values is connected. With reference to Fig. 4.8, it can be 
seen that the output impedance of the power supply emulating the weak grid is balanced and its 
value is very low i.e 2mΩ and 2μH. Therefore, a separate set of unbalanced impedances with 
comparatively higher reactance values is connected in series with each line, to act as Thevenin 
impedances. The impedance values are selected (Zth1=2.62Ω, Zth2=1.05Ω, Zth3=1.38Ω) in order to 
give higher X/R (X1/R1=> 3.84,  X2/R2=> 3.22,  X3/R3=>3.85) ratios with approximated SCR value of 







Figure 4.7: Complete System Block Diagram 














The parameters of the experimental setup are given below: 
 Nominal active power P per phase: 990W 
 Nominal reactive power Q per phase: 0Var 
 Active power step ΔP : 50% of P 
 Reactive power step ΔQ: is equal to ΔP 
To calculate the impedance of the system under consideration, an automated disturbance is 
created on both Id and Iq with the help of control structure shown in Fig. 4.3. At initial state, the 
rated currents are Id =4.4A and Iq=0. It is to be noted that each line’s impedance should be 
considered constant during its estimation period. Subsequently the Id* and Iq* reference values 
are perturbed in such a way that ∆Id and ∆Iq are adjusted to be 2.2A to implement the resultant 
power variations (ΔP and ΔQ).  
It is also to be noted that the accuracy of estimation depends on the amount of power variation 
and the time interval ΔT it is being applied for. With the injection of disturbance, both resistance 
and inductance could get affected by a non-negligible value. Therefore, the points of work should 
not be too near. The accuracy of the estimation increases with the delay between the estimation 
points, and for that, 15 seconds are allocated for each perturbation.  
 
Figure 4.8: Weak Grid Emulator: Impedance Setup and the Controllable Power Supply 




To understand the impedance estimation routine, a flowchart is illustrated in Fig. 4.9. A current 
step is introduced to create the disturbance on each phase so that the voltage variation and the 
impedance can be measured. For individual phase measurements, the step current injections and 
the measurements take 15sec each and the transition time between the phases is set to be 40sec. 
In this thesis, the automated method of injection of disturbances and calculation of impedances 
completes within 270sec. The time duration of the complete procedure could also be improved; 
however, it is out of scope of the current research and can be considered as a separate topic for 














For further explanation, Fig. 4.10-4.12 can be considered. In Fig. 4.10, the d-axis current Iad* is 
perturbed between 101-116 seconds, likewise the q-axis current Iaq* is changed between          
132-147 seconds for the impedance measurement on phase-A. Similarly, in Fig. 4.11, the 
estimation period for phase-B is between 201-247 seconds and for phase-C, it is shown between 
301-347 seconds in Fig. 4.12. The ∆Id and ∆Iq are adjusted to be 2.2A and resulting voltage 
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variations at the PCC are also shown in Fig. 4.10-4.12. The ∆Vd values are then applied to equation 
(4.27) for both resistive and inductive values estimation.  
With the injection of disturbance, the estimated values of the impedance components usually 
fluctuate from their mean values. Since the focus of this thesis is to investigate the calculation 
and injection of the optimal currents, not much consideration has been given to the filter design 
and its components. The calculation process only starts when the synchronous voltages and 
currents have been sampled and during this, the impedance components start to stabilise just 
close to second point of work. Thus, the sampling point is also important because it decides if the 
estimated value is close or not to the actual value.  
Like other impedance components, the power variation also impacts the DC link voltage. This 
means that the system components should be allowed to get back to their previous state while 
the estimation is being made. It is important that once the system attains its steady state after 
the first disturbance, no reactive power oscillation should be introduced before restarting a new 
estimation. If this condition is not met, the next estimation will lead to lower accuracy, the 
capacitor value also plays an important role, especially when the power variation takes long to 
reach its steady state after a perturbation. Mostly, the DC link capacitors are designed according 
to the system rating and the reactive power requirement. However, selecting the minimum value 
capacitance could increase the dynamic response of the system at the cost of unwanted reactive 
power oscillations. Consequently, a good design approach needs to be adopted to achieve a 
decent time response with reduced reactive power transients. As mentioned above, Fig. 4.10-
4.12 (a) present the perturbed current references to implement power variations on the phases 
A, B & C. In Fig. 4.10-4.12 (c), the DC link voltage response is illustrated and small voltage 
transients can be seen when reactive current is injected. Fig. 4.10-4.12 (d) depict the resultant d-
axis voltage variations at two points for each perturbation. Whereas, Fig. 4.10-4.12 (e) & (f) are 
the zoomed-in screenshots of the voltage variations for the measurement of resistances and 
inductances respectively.     




Figure 4.10: Phase A: (a) Current perturbations, (b) Power perturbations, (c) DC link Voltage Variation, (d) Voltage 
perturbations, (e) ∆Vd (zoomed-in) for resistance measurement, (f) ∆Vd (zoomed-in) for inductance measurement 
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Figure 4.11: Phase B:  (a) Current perturbations, (b) Power perturbations, (c) DC link Voltage Variation, (d) Voltage 
perturbations, (e) ∆Vd (zoomed-in) for resistance measurement, (f) ∆Vd (zoomed-in) for inductance measurement 
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Figure 4.12: Phase C:  (a) Current perturbations, (b) Power perturbations, (c) DC link Voltage Variation, (d) Voltage 
perturbations, (e) ∆Vd (zoomed-in) for resistance measurement, (f) ∆Vd (zoomed-in) for inductance measurement 
                                                                         -----d -----q 
   
     
  
    
    



































The data points shown in Fig. 4.10-4.12 (e) & (f) are the two operating voltage points. These 
values can be read easily with the help of data point locator onto the interfacing software 
window. Once extracted, these values are applied in equation (4.27) to measure the resistance 
and inductance on each phase. The comparison between the actual and estimated values is 
summarized in Table 4.1 and the estimation error is shown to be less than 10% for resistance 
measurements and less than 4% for inductance measurements. The percentage accuracy of the 
smaller component values is reduced and this could be considered as one limitation of the 
discussed technique. However, considering the case study and the hardware limitations in the 
lab (discussed in chapter-7), this technique is still applied in this thesis.   
 
Table 4.1. Comparison between the Actual and Estimated Values of the Grid Impedance 
 















Values 0.66 0.70 6.06 8.10 7.78 3.95 2.62 















Values 0.31 0.34 9.67 3.20 3.12 2.50 1.05 















Values 0.35 0.37 5.71 4.30 4.21 2.09 1.38 





This chapter shows why grid impedance estimation is an important factor to be known in 
advance, especially when designing a control system. Conventional and the recently introduced 
techniques on grid impedance estimation are reviewed. The PQ variation technique is chosen 
and its per phase implementation is proposed. Single phase transformation model of a three 
phase system is illustrated in dq rotating reference frame. Experimental investigation is done on 
a set of known impedances to validate the scheme and the designed control. Furthermore, to 
compute the percentage calculation error of the proposed technique, a comparison is shown 
between actual and estimated values of the impedances.  
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Optimal Current Injection during 
Balanced/Symmetrical Grid Voltages 
 
5.1 Introduction  
With the progress in technology, it is becoming easier and cheaper to harness energy from 
different sources and introduce it into the grid at various distributed points. This energy is not 
only injected into the grid to supply the local loads at the PCC but can also provide power to other 
points on the network, where power is also required for consumption. The conventional method 
of power injection was that the current remains in phase with voltage angle. This can be done 
with the aid of power converters by controlling the phase-angle of the currents in each wire. 
However, this is not the most efficient method of power transfer in case of a weak grid [1]. 
 
If a Thevenin model of a weak distributed power network is considered, characteristics of 
impedance as well as voltage on a line becomes time dependent and changes with any variation 
in the connected load. As a result, each line would require different magnitudes of current 
depending on the nature of the load [2]. Multiple techniques have been devised to meet these 
conditions where standard definitions of power quality are adopted [3]-[5]. These techniques are 
particular cases of the general power theory with balanced current flow and equal load 
impedances. However, the research conducted in [6] and [7] reviews the existing power theories 
for multiphase systems with unbalanced line voltages and loads. Moreover, it also derives a 
generalized algorithm for calculating instantaneous and average powers for Thevenin equivalent 
networks with minimum distribution losses. The theory presented in [6] and [7] is further 
extended and published as a patent [8].    




The objective of this chapter is to expand the research presented in [6]-[9] and validate it on a 
real time PMSG based WECS connected to a weak AC grid. The main aim is to utilize the existing 
back-to-back converters topology as an intelligent system that can inspect a MV distribution line, 
detect changes in the network parameters and redistribute the optimal currents so as to 
introduce the available active power into a network with minimal losses.  
Considering that the PMSG based WECSs in remote areas, do not always have shunt connected 
reactive power support. The discussed technique in this chapter which also covers the main 
contribution of this thesis, redistributes the currents so as to maximize the active power transfer. 
This could make it more suitable for small scale wind turbines where limited ancillary support is 
available to assist the grid during unbalance. However, its applications can be extended to large 
scale wind turbines as well [8].  
5.2 Literature Review on Optimal Power Flow  
The definition of optimal power flow has evolved significantly over the past few years. In the 
beginning it was characterized as the minimization of amount of power required by the 
generators to reduce the amount of fuel consumed by the generators used for electricity 
generation [10]-[13]. This had a direct impact on the cost of power generation, thereby the focus 
was only on the economic optimisation of power. Subsequently cheap fuel was used by the 
generating units, however transmission losses appeared to be another problem. Hence, optimal 
power started to be defined as a function of cost of fuel and transmission losses [14]. Later on 
multiple definitions were developed based on optimization functions where each individual 
function performed iteratively until an optimum solution was found. 
Initially the idea of transmission losses was not included as a function of incremental cost. In [15] 
it was explained how the power network was made up of several generating units with their own 
cost functions. It was further shown that the fuel cost functions were also based on the function 
of load’ voltages. This method was improved in later researches and partial derivative was 
included with respect to the power generation units. The partial derivative became part of the 
loss reduction formula which applied number of assumptions to get to the approximated results 




instead of an exact solution. Number of simplifications were then applied to the definitions by 
using phase voltages instead of scalar quantities and rate of change of fuel cost was also set equal 
to zero. Eventually, a set of non-algebraic equations were developed which is now called the 
famous Newton-Raphson method.  
With respect to power optimization, combination of active and reactive powers were started to 
be applied to enhance the voltage profiles with reduced real power losses on a transmission line 
[16].  After dealing with the transmission losses and cost functions, the location also joined in as 
an additional functional. By reducing the transmission losses and having the power generated at 
an optimal location where it is being required by the loads, also assisted in increasing the overall 
efficiency.  
In [17], optimised reactive power distribution is discussed. It is mentioned that the linear reactive 
power optimization regulates the system voltage and reduces the real power losses. According 
to that, the optimization could be achieved by varying the transformer taps, generator voltages 
and the shunt capacitors.  
An approach discussed in [18] builds up optimal power system parameters. The technique 
determines the power system loss sensitivity by defining the steady state stability functions. 
Similarly, another technique uses the sensitivity of the system as ‘Method of Box’ to reduce the 
voltage deviations and the system losses [19]. 
Another factor which is today’s concern is the carbon free energy emission. Therefore, the focus 
on green energy has also become an important factor for power optimization [20]. It has also 
been part of the past research, for instance in [15] theories were developed for the reduced costs 
of different fuels and their impact on the environment was studied based on their individual cost 
functions.      
The focus of the power optimization was then redirected in Grigby’s therory.  According to the 
theory, a system hierarchy was developed and based on that optimal power was defined. For 
instance, the reliability was ranked higher than the economic value of the system. Which means, 
as soon as the system becomes stable, the focus will shift to the economic optimization [21]. 




The definition of optimization completely changes in case of micro-grid applications. For instance 
in case of a PV-system, the focus remains on maximum power output with least incurred losses. 
This assists in least aging of batteries and better cost management of the grid. The best way to 
implement this is to apply limit to the peak power exchange between the grid and the customer 
which is called peak load shaving. Peak load shaving also offers advantages such as by limiting 
the number of peak power generation units, efficiency of the system increases and due to less 
number of units it also allows less carbon emission. Consequently, the definition of power 
optimization depends whether if you are a system operator or a small de-regulated generating 
unit operator [22].  
Another explanation given in [23] discusses two functions, one for power system transmission 
losses and the other for load balancing of the system. Both functions were set to be different 
even though they were dependant on the same variables such as reactive and active powers. 
Reactive power in the abovementioned case does not really impact the fuel cost of generation 
units. However, it weakens the system’s equipment by requiring large amount of power than the 
rated power [24]. That means the reactive power has a direct influence on the cost of the system, 
which needs to be optimised and kept within the limits to avoid size constraints of the systems.  
Moreover, self-healing methods of the grids are also discussed in [25]. The described techniques 
not only assist in power optimization but also protect the network during power outages. Where 
the necessary variables communicate with the system operator at each node and necessary 
computations are made before performing any action. The pre-computations are usually 
required to detect if any changes occur in the network. The addition of degeneration units must 
be known to the central control of the power station so that the power can be transferred 
optimally to the point where it is required. This back and forth communication is an application 
of smart grids, where each node can communicate with the central control unit and performed 
actions are pre-calculated. The objective of smart grids is to provide freedom to the operators to 
monitor the grid in real time and predict the changes. This assists the operators to make decisions 
wisely and enhance the grid stability and reliability by providing simple optimal power flow 
solutions [26].  




With the increase of non-linear devices such as electronically switched loads, unbalanced loads, 
data processing equipment as well as industrial power rectifiers and inverters, power supply 
quality has become a serious concern. These devices cause harmonic currents to flow in the 
system and result in damaging the equipment [27]. Therefore, in recent literature [21] the 
definition of power optimization has been broadened from safety and reliability to economic 
supply. The new deeper definition of economic supply is based on the cost of damage occurred 
due to non-linear devices, hence it also adds to the overall cost function of the system.  Since 
power system quality impacts the performance and life of the equipment. Multiple methods have 
been developed to improve the network quality by rectifying the distorted signal into a DC signal 
and invert it again for a cleaner output [28]. 
5.3 Literature Review on Optimal Power Flow Methods 
From the aforementioned discussion, each optimal power flow (OPF) definition can be 
implemented according to its own particular method. These methods consist of a set of 
mathematical equations which could be both linear and non-linear. For instance in [29] the OPF 
solution is classified as:  
a) Minimization of total generation cost 
b) Minimization of system’s active power losses 
c) Multi-objective function (both a and b) 
Depending on the classes mentioned above, solutions are provided which linearize the first and 
second order derivatives of the object functions to formulate their own search directions. To 
implement an OPF solution, the most important characteristic is its computation time. If a 
technique takes longer to perform the actions compared to the dynamic changes happening in 
the network then the technique is considered to be useless. The section below discusses a few 
famous OPF techniques. 




5.3.1 Newton Method 
The method was first defined in [30] and later on improved in [29]. According to the method, 
approximated voltage is calculated to develop series of complex power equations based on the 
changes happening in the network. The voltages are approximated by Gaussian elimination and 
back-substation methods which transform the complex power solution into voltage angle and 
magnitude values. Eventually the transformation made is checked again to confirm if a correct 
solution is found.  
The method explained in [30] does not consume a lot of computational memory however 
reduction methods can still be applied to optimise the memory utilisation. Its algorithm is shown 
in Fig. 5.1 below. It is further mentioned that the method does not have an ability to 
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Figure 5.1:  Flow-chart of the Newton Method Algorithm [30] 




To simplify this method, another technique is formulated in [31] which reduces the size of the 
matrix and thereby minimises the memory usage. The research conducted in [31] also claims that 
to achieve ultimate optimization, every possibility should be considered as an option at each 
node on the network. However, considering the complexity of the network, it is not always 
possible to monitor each node individually. It further discusses three methods for optimal power 
approximation of the network. According to the first method, each node must be ranked 
according the number of branches connected to the node and at the same time ignoring the 
elimination steps. This is simple to implement and quick to execute. The second method is based 
on the elimination process, where nodes with least number of connected branches are omitted. 
The last method is the most complicated and least used, where the node creates new equivalent 
branches at each step and it is applied by performing calculations at every possible step for each 
node.  
5.3.2 Gradient and Lagrangian Method 
The gradient method described in [32] follows almost the same method explained above, 
however it measures the behaviour at each system’s change, e.g. transformer tap settings, 
change in nodal voltages, load variation etc. The idea is to apply gradient on the function and 
then control variables are changed to locate the negative gradient which gives values in 
descending order. When the negative gradient value approaches zero, it implies no change in the 
control variables hence considered to be as an optimum point. An example of gradient method 
algorithm is given in Fig. 5.2.  
In [33] Lagrangian multipliers are introduced to perform economic analysis of active and reactive 
power generation. These are used to describe the dynamics of the system and then gradient is 
applied to find the optimum solution. This technique assists in estimating the line loads and node 
voltages before any changes happen in the generating system. This information is further used 
to perform loss reduction on the transmission lines. Another technique is explained in [34] which 
is applied along with the gradient method. It derives two computational methods where 
sensitivity relationship between the control variables is determined to work out the optimal 
solution.   

























It is further mentioned in [32] that the gradient method only works if linearity of the system 
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Figure 5.2:  Flow-chart of the Gradient Method Algorithm [32] 




equations can be transformed from first order to second order, however it will increase the 
computation time.  
5.3.3 Modified Interior Point Method 
The interior point method is considered to be the most efficient technique [35]. The cost 
functions involved in this method can be written in terms of quadratic equations. Due to its 
flexibility, the equations could extend to second order functions by using Taylor’s expansion 
without curtailing any limit error. Furthermore, the Hessian product is also a constant value for 
higher order functions. This technique can be explained in number of steps, first it measures the 
grid voltage and converts it into rectangular coordinates. Then, it selects a node as a starting 
point and implements the Newton method. After that, Newton direction is determined which 
assists in computing the updated step length changes. If the step length is close to zero, it will be 
considered as an optimum solution otherwise the whole method is repeated again.  
In [29], it has been mentioned that this is the most implemented technique of today because it 
depends on the real time control variables and not on the preordained values of the network 
functions. Furthermore, this technique also does not require a feasible starting point to converge 
[36]. According to [37], it is indeed an acceptable technique however only provides generalized 
approximations of the optimal solution. 
5.3.4 Phase Shifting Method 
Flexible AC transmission systems (FACTS) have emerged as a recently developed modern way to 
enhance the overall performance of a system based on the reactive power injection. It comprises 
of capacitor banks, phase shifters and unified power flow controllers to manipulate the 
characteristics of a grid to meet certain requirements. With the modern advancements in power 
electronics, the availability of FACTS devices have become easier to be integrated to the system 
as a supplementary equipment. These are utilised in a system to enhance the overall 
performance by increasing the stability margins and reducing the transmission power losses. 
 




Implementation of OPF using phase shifting method also increases the security of a network. For 
instance it can locate the presence of capacitor or inductor banks in a network to be utilised at a 
point where power compensation is required [29]. Furthermore, reduction of active power is also 
a big concern when integrating the FACTS devices because increase in reactive power may 
decrease the active power which might be required by the grid [38].    
5.3.5 Particle Swarm Optimization Method 
Particle swarm optimisation (PSO) method has an advantage over the Gradient method because 
it can locate both local and global minimum values for optimal solutions. It further offers a benefit 
of not being dependant on the starting variables and can perform optimally with limited 
information [39]-[41]. The theme of this method is inspired from the particles analogy floating 
through the space and looking for direction and speed. When two particles come across each 
other they communicate and share information about the optimal locations and hence arrive at 
the new best [29]. 
5.3.6 Smart Grids  
Smart grids offer the features of future power grids. In smart grids, each node can communicate 
with the central processing unit and based on the retrieved information functions are performed 
[42]. With the transfer of active information, the security as well as the power flow in a network 
can be optimized. The central control functions gain control on each node and assign tasks 
according to the requirement. Smarts grids are undoubtedly faster and offer best OPF solutions. 
However, their performance rely on the advanced technologies which are still needed to be 
implemented in most parts of the world [43].  A brief comparison is shown between the 
conventional and the smart grids in Table 5.1.  
 
  





Conventional Grids Smart Grids 
Electromechanical Digital 
One-Way Communication Two-Way Communication 
Centralised Generation Distributed Generation 
Hierarchical Network 
Few Sensors Sensors Throughout 
Blind Self-Monitoring 
Manual Restoration Self-Healing 
Failures and Blackouts Adaptive and Islanding 
Manual Check/Test Remote Check/Test 
Limited Control Pervasive Control 
 
All the aforementioned techniques are formulated to calculate the total generation cost and the 
power losses at transmission level. In this thesis, the above mentioned optimal control variables 
which are used to calculate the power losses are scaled down from transmission to distribution 
level. Hence, the power losses at distribution level can be minimized by gaining control over the 
active/reactive current components and then redistributing them optimally into the network to 
achieve optimal current flow (OCF). 
This thesis focuses on OCF solution in a wind energy system because the OPF is highly constrained 
with large dimensional nonlinear optimization problem, which is normally difficult to solve for 
large sized practical power systems. Furthermore, the OPF inflicts more cost to the power 
generation and maintenance of power balance at transmission level. Whereas, OCF tends to 
Table 5.1. Comparison between Conventional and Smart Grids [42]. 




remove all the components contributing to the power loss at distribution level and can be called 
a subset of OPF. 
In case of OCF, there are definite controllable variables, which are adjusted to achieve the 
objective functions. These functions comprise of gird impedance estimation and calculation of 
coordinated optimal currents to ensure maximum power transfer into the grid. Furthermore, 
overall power losses are kept low at each node of the system.  
5.4 Literature Review on Definition of Apparent Power 
With an increase in non-linear devices and loads into the power network, inaccuracies of 
particular power theories have become a significant matter. From past twenty years researchers 
have been proposing multiple definitions of apparent power based on the problems and their 
suggested solutions.  In [44], the author has addressed the issues faced when defining apparent 
power conversion from single phase to three phase system under asymmetrical conditions. In 
[45], a concept of physical interpretation of apparent power has been discussed given that 
various authors consider different reference points when measuring voltages which leads to 
dubious results.  It is further mentioned that all non-sinusoidal power theories will have no 
significance until and unless apparent power has a physical meaning. However, the 
abovementioned statement is countered in [46], where it is said that the ambiguous apparent 
power also exists in three phase sinusoidal systems.  
The research conducted in [47], proposes a definition based on four conditions for an m-wire 
system with unequal wire resistances but balanced loading. An example is demonstrated in [48] 
to show the ineffectiveness of the definitions for the unbalanced systems during fault conditions. 
The RMS current can be decomposed into active and reactive currents. The reactive current can 
be further decomposed to orthogonal components which could be utilised for useful applications 
such as reactive power compensation.  
A new variable is defined in [49] which converts the theory of instantaneous power into RMS 
domain represented as a collective admittance and two components of reactive power. First the 
reactive current is split into two components in instantaneous domain. Then, the conversion is 




applied which gives three current components in RMS domain; i.e. one active and two reactive 
components. Another concept is introduced in [50] which is based on the early definition of 
apparent power in a three-phase system. It is stated as “the maximum power that can be 
delivered by a voltage source at a particular instant whilst the total line losses are kept constant.” 
The defined apparent power in a three-phase system carries same physical value equal to the 
product of RMS voltage and current in a single-phase system. 
To explain that, a three-phase system is considered and the loads are replaced by balanced 
resistive loads so as to keep the line losses equal. The power delivered to the system would be 
P=R (I12+ I22+ I32) with an apparent power, S=3VI =(V12+ V22+ V32)1/2. (I12+ I22+ I32)1/2. In linear 
algebra this can also be represented as the product of magnitude of two vectors .S V I . This 
definition was later on majorly used for non-sinusoidal systems.   
A theory is presented in [51] for the linear non-sinusoidal single-phase systems. According to the 
theory, it is claimed that the analysis done in frequency domain offers better physical 
interpretation of the power modules and improves the power factor. In [52], the idea is extended 
and single-phase decomposition theory is applied on a three-phase system with symmetrical 
voltages. The author explains physical meaning of the scattered currents which are the result of 
varying conductance of the load with respect to frequency. This idea however does not satisfy 
the requirement in case of a non-linear load because it requires elimination of frequency 
component from the load admittance. The theory is supposed to be implementable for both 
symmetrical voltages and loads and does not extend for asymmetrical voltages or unbalanced 
loads.  
Another interesting research paper stated that, there is no such case where the active power 
exceeds the apparent power [53]. In [54] a more generalised power theory is presented in RMS 
domain for m-number of wires with any resistance to compute optimal currents to be 
transmitted for maximum power transfer. The author further explains that the virtual star point 
is not always the reference point. This analysis is only applicable to sinusoidal quantities and the 
calculated apparent power contains a product of voltage and current dependant factors which 
are referred to a selected reference point. According to the author, the reference point is defined 




where the sum of the weighted RMS voltages is equal to zero.  However, throughout the analysis 
the reference point was kept fixed, which is not applicable in case of asymmetrical waveforms. 
Some other authors have also considered systems with unbalanced resistances based on 
Lagrange multipliers applied in RMS domain but did not consider the impact of a time dependant 
reference point. Consequently, no results could be extended for the calculation of apparent 
power in the instantaneous domain [55]. The research conducted in [56] eventually concludes 
that the apparent power cannot have a single definition to deal with the varying power system 
properties and be simultaneously useful during fault conditions.   
It can be summarized that to formulate a general power theory a unique definition of apparent 
power must be proposed which removes all the ambiguities and provides clear information about 
the power factor and the active/reactive power components.  It must also make sure that the 
proposed unique definition should be able to deal with the systems containing m-number of 
phases, variable wire resistances, with or without the neutral wire and unbalanced loads under 
all kinds of fault conditions.   
5.5 Optimal Current Calculation Method  
In [57], concept of minimization of the reactive current is discussed where the reactive power 
component is proposed to be compensated without energy storage at the compensator. In [6], 
an alternate technique is discussed where the reactive power component is compensated with 
the aid of an active compensator when energy storage is available. This work is continued with 
the objective of reactive power compensation where optimal currents are distributed in an m-
wire system. According to that, the system is evaluated in a weighted domain, where voltages 
are weighted with respect to the resistance on the wires. Similarly the general power theory has 
been extended and modified in [7], where a weighted null reference point is created for the 
apparent power measurements.  
The method discussed in this chapter is inspired from the same theory presented in [6]-[7], and 
is adopted for the calculation of optimal currents to ensure maximum active power transfer 
during symmetrical grid voltage conditions on a weak AC grid. It is to be noted that analysis 




performed below is based on the predetermined values of Thevenin resistance and voltage of 
each wire in an m-wire network.  
 5.5.1 Vector Representation 
A three wire system is considered as a Thevenin equivalent of a distributed power network where 
Thevenin resistances are expressed as Rth1, Rth2 and Rth3. The system is illustrated in Fig. 5.3, 
where each line is supplied with an independent voltage source being referenced to a weighted 
null point. The weighted line voltages and currents can be represented in terms of phasors as,   









The instantaneous power transferred to the load can be expressed below in (5.1), where Vth'.I' 
is the dot product of the vectors. 
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The system under consideration comprises a PMSG based WECS integrated into a weak AC grid 
with no shunt connected reactive power support. With minimal reactive power support and 
considering balanced voltage condition, only active current components will be transferred into 





Figure 5.3:  Grid-side Block Diagram 














                                                                   (5.2) 
Let us consider for an m-wire system, the weighted current vectors can be represented as:  
                                       
1/2
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Where Rth1/2 is a diagonal matrix representing the square root of line resistances: 






















                                             (5.4) 
From (5.3), if I' is considered to be as a resistance weighted vector then the power loss can be 
expressed as: 
                                                                    
 2
'. ' 'lossP I I I                    
                                                                                              (5.5) 
And in case where only active current component is present, the minimum power loss can be 
represented as:  
                                                                    
 2
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                    (5.6) 
The Ia' will be considered as an optimal current for minimal line losses represented as a weighted 
vector. Once weighted current is calculated, it can be converted to real physical value as:  
                                                                        
1/2 '     a a thI I R
                                                                    (5.7) 
5.5.2 Vector Solution and Optimal Supply Current  
The expression (5.7) is derived in context with the Kirchhoff’s current law and the law of voltage 
conservation. If the vectors I' and Vth' are defined in an m-dimensional subspace S'2 then the 
solution vector 𝐼𝑎′ must also reside there. By applying the vector properties, if I' is projected onto 
the subspace S'2, then the optimal vector 𝐼𝑎′ can also be found out. Two orthogonal weighted 




voltage vectors V1' and V2' are required to obtain the projected current vector 𝐼𝑎′ as shown in Fig. 










First, vector V1' is selected orthogonal to I'. To simplify the calculations V1' is considered equal to 
a unity vector 1'. The second vector V2' which is not orthogonal, can be found out by subtracting 
the projection of Vth' onto V1' from Vth' , and is expressed as [56]: 
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                                                      (5.8) 
By substituting V1'=1', in the above expression, 
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Or                                                                      2 ' '– .1'   th refV V V                                                     (5.10) 
It must be noted that the Vref also takes into account the Thevenin resistance and as a result the 








Figure 5.4:  Projection of I’ onto V2’ 




                                                               1/22 '  – .  th ref thV V V R                                                     (5.11) 





















                                                           (5.12) 
The weighted Thevenin voltages (Vthn) are adjusted at every instant with reference to the null 
point and can be expressed as: 
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Hence V2' can also be given as: 
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                                                              (5.14) 
For optimal current solution, 𝐼𝑎′ can be expressed as: 
                       '  .aI Proj  of 
2' ' .I ontoS Proj  of 1' ' .I ontoV Proj  of 2' 'I ontoV                            (5.15) 
 Since I' and V1' are orthogonal, the projection of I' onto V1' will be a zero vector: 
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From (5.7) and (5.12), 𝐼𝑎' can be formulated as: 
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                                                     (5.18) 
Since 𝐼. 𝑉𝑟𝑒𝑓 = 0 and 𝐼. 𝑉𝑡ℎ=𝑃𝑡ℎ, the optimal weighted current vector Ia' is: 


















                                                          (5.19) 
Keeping in mind the unbalanced loading, 𝑃𝑡ℎ/|| 𝑉2′||
2 can be considered equal to a constant ‘kA’. 
Hence, based on (5.7), 𝐼𝑎 can be expressed as: 
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                                                            (5.20)          
5.5.3 Current Calculation for the System under Consideration 
According to the proposed technique, the amount of power lost in an ‘m’ number of wires system 
is directly proportional to the Thevenin resistance of each wire. That is why the system is looked 
in a weighted domain, where voltages are weighted with respect to the resistances. With 
reference to Fig. 5.3, optimal current Ia (Iopt) required for each wire is determined by following 
the steps below:                                           
1- The weighted Thevenin voltages for ‘m’ number of wires at PTh will be calculated by 
subtracting the voltage drop across the Thevenin impedances, from the voltages at the PCC:  
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2- In the next step, the calculated Thevenin voltages will be referenced to PTh side weighted 
null point reference. The idea of null point is presented for an unbalanced grid where the 
voltages at the point of consumption (PTh) do not add to zero. Therefore, to satisfy KVL, 
voltages need to be calculated at every cycle (with time-variant X, R values) [6]. Hence, Vref 
is the average resistance weighted voltage between the reference points PCC and PTh. The 
expression for calculating reference voltage in a three wire system is given below: 
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3- The Vref is further weighted below in (5.23) as an m-dimensional vector which depicts 
resistance corrected weighted vector value from the weighted null point.  






















                                             (5.23) 
4- The optimal power Popt is calculated in (5.25) which needs to be transferred to the load at 
PTh. Where, Pin is the power at PCC coming from the source. Absolute sum of the weighted 
reference voltage is given as: 
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Note that the above expression has two solutions for Popt. One is the power exported and 
the other is the power imported. The lesser of the two is the power imported and the 
greater one is the power exported.   
5- In the final step, a constant kA is formulated which helps in acquiring the optimal currents 
to be redistributed in the wires.  
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The PMSG considered for the experimental setup has a rated output power of 3.3kW. The total 
power (Pin) that reaches the PCC after considering the power losses at the DC link and the 
converters is approximated to be 2.98kW. From Table 4.1, the line resistances are Rth1=0.66Ω, 
Rth2=0.31Ω, Rth3=0.35Ω, with balanced VPCC=225V and the rated current of the generator is 
Irated=4.4A. In Table 5.2 below, optimal currents are calculated for the hardware setup under 
consideration confirming maximum power transfer at PTh. with least incurred losses.    
 
















The calculated optimal currents (Iopt) from the table above are certainly the best combination. 
Any other values would either give more line losses or less resultant power transfer [6]-[8].  
5.5.4 Numerical Validation and Comparison 
To support the claim that the derived currents are optimal, a simple comparison is done between 
the currents calculated using the aforementioned technique and the general power theory.  
From the general power theory, current on each line can be calculated as: 
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                (5.28) 
Different permutations of the line currents from (5.28) can be used in (5.29) to calculate the 
maximum transferable power on each line at PTh.
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Pin 
(2.98kW) 
   Wire 1 Wire 2 Wire 3 
 Rth (Ω) 0.66 0.31 0.35 
VPCC (VRMS) 225 225 225 
Irated(ARMS) 4.4 
VTh( (V)   222.08 223.63 223.45 
Vref (V) 223.257 
Vref’ (V) 274.81 400.98 377.37 
||Vref’||^2 378716.94 
Popt (W) 2956.91 
kA 0.008 
iopt (ARMS) 2.64 5.62 4.98 
 
Table 5.2. Optimal Current Calculation  





1 2 3 4 5 6 7 8
Output Power (W) 2983.4 2976.5 2761.1 2625.7 2957.1 3076.0 3058.5 2951.1
Total Line Losses (W) 24.4 24.6 20.2 25.2 23.1 24.9 23.8 25.7
Line 1 Current (A) 3.64 3.84 2.83 3.93 2.64 2.81 2.68 4.41
Line 2 Current (A) 4.85 4.98 5.03 4.85 5.62 5.82 5.66 4.41
























The calculated power values from the permutation method were found to be very close to the 
values found using the optimal current calculation technique. However, the permutation method 
can also give unrealistic values by not following the (Pout<Pin) limit and sometimes gives higher 
values of the total output power than the rated input power. For example in Table 5.3, eight sets 
of line currents are considered. By injecting these currents the total extractable power and the 
associated losses are shown accordingly. From the first two sets 1 and 2, the yielded transferred 
output power is more than that of the set 5 which is obtained from the Table 5.2. However, the 
power losses in these two sets are also higher when compared to the values from the set 5. 
Furthermore, the sets 3 and 4 transfer less output powers which are not desirable in this case, 
whereas the sets 6 and 7 transfer higher output powers than the rated input power (2.98kW) and 
are not realistic. On the other hand, the set 8 contains all three rated balanced currents; it still 
produces less output power with higher losses. Compared to the set 8, set 5 offers higher power 
delivery with 10% reduction in the overall losses. Thereby confirms the most optimal set of 







Table 5.3 Transferred Power at Pth v/s Line Currents 
  
    Un-realistic values: output power + line losses > input power 




5.5.5 Experimental Validation and Comparison 
The results shown in Table 5.3 could be made even more noticeable in comparison with the 
balanced current injection, if the magnitudes and degree of unbalance between the line 
resistances were higher. 
Since the system under consideration is a weak AC grid with high X/R ratios, the line resistor values 
were set to be smaller than the reactance values. Therefore, higher resistor values could not be 
added into the system to demonstrate the noteworthy benefits of the technique experimentally. 
For that reason, Z values were considered from Table 4.1 with the magnitudes given as, 
Zth1=2.62Ω, Zth2=1.05Ω, Zth3=1.38Ω. Another reason of using Z instead of R was the hardware 
limitation, and due to that the values of R were difficult to obtain with acceptable accuracy, whilst 
the X values were easier to obtain more accurately. A table is given below to calculate the optimal 














Table 5.4. Optimal Current Calculation for |Z| 
Pin 
(2.98kW) 
   Wire 1 Wire 2 Wire 3 
 Zth (Ω) 2.62 1.05 1.38 
VPCC (VRMS) 225 225 225 
Irated(ARMS) 4.4 
VTh( (V) 213.43 220.36 216.47 
Vref (V) 217.849 
Vref’ (V) 134.58 212.59 156.81 
||Vref’||^2 87902.081 
Popt (W) 2885.30 
kA 0.032 
iopt (ARMS) 2.7 6.8 4.0 
 




A lab test bench shown in Fig. 5.5 is used to demonstrate the current injection for the considered 
reactive load. A 30kW de-rated induction machine is used as a prime mover for a 3.3kW surface 
mounted PMSG. Since the converters are connected in series without having any shunt ancillary 
support and the load information was also unknown at the point of design. The converters are 
decided to be chosen slightly higher than the generator rating (1.5*Pgen) to support higher 
currents. The reason why high rated currents might be required is because the grid is considered 
to be a Thevenin equivalent model of a distributed network where each line would have an 














In Fig. 5.6, detailed blocks of the hardware setup are illustrated. An induction machine (IM) as a 
prime mover is coupled with the PMSG. A control panel is shown which consists of a National 
Instruments-PXI FPGA controller, two-level back-to-back converters, data acquisition boards, 
protection circuitry and an LC filter. A set of additional impedance is also shown connected at the 
PCC. A video link of the complete lab setup is given in Appendix-C.    
Figure 5.5:  Lab Experimental Setup 
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To validate the effectiveness of the abovementioned technique, a comparison is performed with 
the help of two cases discussed below. The analysis is performed considering balanced grid 
voltages, therefore reactive power would not be required and maximum active power is 
transferred with least distribution losses.  
5.5.5.1 Case-1 
In this case, balanced rated currents (Irated=4.4A) are injected considering Z1=2.62Ω, Z2=1.05Ω and 
Z3=1.38Ω with balanced Vgrid=225V. The three phase grid voltage and the injected current 











The d-axis current components of the RMS values of phases A, B and C are presented in Fig. 5.8(a), 
(b) & (c). The yielded output power at PTh is also shown in Fig. 5.8(d) which is approximately 




   
 
    
   
Figure 5.7: (a) Three-phase Grid Voltage and Injected Currents x20, (b) Three Phase 
Injected Currents Magnitude  



























   
    
   




   
Figure 5.8:  (a) Phase-A, d-axis Current Component, (b) Phase-B, d-axis Current Component, (c) Phase-C, d-axis 
Current Component, (d) Active and Reactive Powers at PTh, (e) Active Power at PTh (zoomed-in)  





In this case, the calculated optimal currents from Table 5.4 are injected considering the same 
conditions as of the case-1. According to the technique, the Thevenin voltages are referenced to 
a point where PPTh is absorbed and performs useful work. The Thevenin equivalent model under 
consideration is supposed to have unbalanced loads as distributed elements, consequently each 
line would require different magnitude of currents. The three phase calculated current 











The d-axis current components of the RMS values of phases A, B and C and the extracted output 
power at PTh are shown in Fig. 5.10. From Fig. 5.10, it is clearly depicted that the calculated 
currents using optimal current technique were injected and the transferred power is 
approximated to be 2890W, which has 13.6% reduction in losses compared to the case-1. This 
value is almost equal to Popt calculated in Table 5.4, and is certainly the most extractable power 
with least possible losses under the given conditions.  
 
 





Figure 5.9:  (a) Three-phase Grid Voltage and Injected Currents x20, (b) Three Phase 
Injected Currents Magnitude  
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Figure 5.10:  (a) Phase-A, d-axis Current Component, (b) Phase-B, d-axis Current Component, (c) Phase-C, 
d-axis Current Component, (d) Active and Reactive Powers at PTh, (e) Active Power at PTh (zoomed-in) 




As mentioned earlier, the proposed technique performs lucratively in proportion to the degree 
of unbalance of the loads. The more the line impedance magnitude is unbalanced, the more 
noticeable the power transfer would be. To elaborate it, examples are given in Table 5.5 where 
balanced and optimal currents are injected into the network considering three sets of line 
impedances. It is shown that the loss reduction and power extraction is optimal in case of high 







and the Calculated 
















































5.6 Power Stability Study 
The power system stability can be classified into three major categories: 
i. Voltage Stability  
ii. Angle Stability 
iii. Frequency Stability 
Table 5.5 Performance Comparison between Case 1 and 2 




This thesis is focused on the optimization of power magnitudes to support the system during 
voltage disturbances at the PCC.  Multiple studies have already been performed to analyse the 
voltage stability for the AC grids with different strength levels. Usually, P-V and Q-V curves 
provide comparisons between the characteristics of weak and strong AC grids. A weak AC grid 
allows large voltage variations and limits the stable operation capabilities due to high impedance 
values. A weak AC grid with low short circuit (SCR) value sometimes also demands a separate 
energy source which can assist in achieving stable voltage limits at the PCC. Voltage stability is 
defined as the capability of a system to maintain stable voltage within the defined limits in the 
presence of disturbances occurring at the PCC. Depending on the type of disturbance the voltage 
stability can be classified as [59]-[60]: 
 Static voltage stability is defined as an ability of the system to maintain the steady 
voltage equilibrium when exposed to small disturbances, such as instantaneous system 
load variation. The short duration of the disturbance would demand response time of a 
few seconds. 
 Dynamic voltage stability is defined as an ability of the system to maintain the steady 
voltages when subjected to large disturbances, such as disconnection or loss of 
synchronism with the system. The examination study during dynamic voltage events 
would require periods of seconds and sometimes several minutes to achieve the stability.  
5.6.1 Voltage Stability Analysis of the System under Consideration 
As discussed in chapter-2, the strength of an AC grid at a specific point relies on the SCR level. 
The SCR value is the ratio between short circuit power (Ssc) and the rated source power (Ps) at 
the point of common coupling (PCC). If the grid is assumed to be modelled as an equivalent 
Thevenin circuit, then Zth will be the Thevenin impedance at the PCC and the SCR can be 
expressed as:  







                                                                        (5.30) 




Where SSC is the short circuit power and PS is the wind turbine power that travels towards the 
PCC. If the system parameters are rated per unit with the base rating of the wind turbine power, 
then SCR can be expressed as: 





                                                                               (5.31) 
Since 2 2
th th thZ R X  . If Rth is neglected, then SCR can be assumed inversely proportional to 
the amount of reactance. Which implies that a weak AC grid would possess high reactance 
magnitude. In a weak AC grid, the incremental change in the power demand by the loads can 
cause uncontrollable fall in the grid voltage which may lead to complete voltage collapse. To 
support such situations, reactive power can be injected to improve the power factor and enhance 
the static voltage stability margins.  
From the discussion in chapter-4, the system under consideration does not possess a separate 
reactive power support system. Therefore, due to limitation of reactive power assistance, the 
applied technique mostly utilizes the existing active power and redistributes the currents to 
achieve maximum power transfer by incurring least line losses.  
For the analysis, P-V curves are plotted with reference to increased load values for the networks 
at different SCR values. A comparison is performed between the conventional and the optimal 
current injection methods. For instance, a simplified distribution system is shown in Fig. 5.11. The 
system consists of a power source, a distribution line, a connected load and an integrated wind 
















Figure 5.11:  Two-node Simplified Distribution System with a WECS 




The voltage drop along the line can be expressed as [61]-[62]: 
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                                     (5.32) 
In an AC grid with low X/R ratio, the load active power demand causes a progressive drop in the 
grid voltage. However, the system under consideration is a weak grid with high X/R ratio and low 
SCR. The injection of excessive active power would only be used to meet the load requirement 
without incurring higher line losses. Since the system provides limited reactive power support, it 
is considered equal to zero. The drop in the voltage from (5.32) can be modified as: 
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5.6.2 Case Study of Weak AC Grids at Different SCR Levels 
A set of curves are provided to show the relationship between the change in the voltage and the 
load power. It can be seen that there is a steady drop in the voltage with the increase in active 
power demand. Furthermore, the voltage variation ΔV is depicted for four different SCR levels. 
The low SCR values have the minimum critical load active power whereas the high SCR values are 
merely affected and have maximum critical load active power.  The change in voltage for low SCR 
is greater than that of high SCR values.  
For comparison and to show the effectiveness of the optimal current injection technique, two 
cases are discussed below: 
Case-1: With Balanced Current Injection Method  
In this case, balanced currents are injected and voltage stability trend is shown in terms of gradual 
drop in the voltage recorded at different SCR values. According to Fig. 5.12, the weak AC grids 
















Case-2: With Optimal Current Injection Method  
Similarly, the voltage drop is shown for the same AC grids mentioned above. However, in this 
case optimal currents are being injected which increases the resultant active power transfer. 
From Fig. 5.13, it can be seen that the AC grid with highest SCR level has the highest critical load 










The AC grids with low SCR values show higher voltage variation compared to the high SCR values. 































































Figure 5.12:  P-V curves of AC Grids with different SCR Values during Balanced Currents Injection 
Figure 5.13:  P-V curves of AC Grids with different SCR Values during Optimal Currents Injection 




0.431V.  From the comparison between Fig. 5.12 and 5.13, critical load active power with the 
additional active power injection (case-2) is greater than the normal output (case-1). In other 
words, the additional active power can increase the voltage stability limit and hence improves 
the overall voltage stability at the PCC. For example, the AC grid voltage drop for SCR=1 in         
case-1 is 3.48% more than that of case-2.  For case- 2, the percentage voltage variation tends to 
improve proportionally with the increase in rated source power (PW). However, at some point 
reactive power would also be required to support the active power injection.  
5.7 Conclusion 
This chapter discusses the application of optimal current injection technique during symmetrical 
grid voltage conditions. The practical implementation of general power theory according to the 
Thevenin equivalent parameters and reduction of power losses by injection of optimal currents 
raises important questions to discuss the IEC standards and the grid codes for an unbalanced 
weak grid. The discussed approach can redefine apparent power and power factor according to 
varying X/R ratios at the PCC with respect to the Thevenin reference (null) point.  
 
The application of the proposed technique has been tested on a lab-based wind energy system 
to confirm the optimal distribution of the currents. The discussed technique is elaborated with 
the help of mathematical equations. Control structure is developed in such a way to provide 
currents for each phase to achieve minimum power distribution losses as possible. Experimental 
results are presented and from the comparison, calculated distribution losses are analysed. 
Furthermore, from Table 5.3-5.4 and Fig. 5.13, it is shown that the set of currents obtained using 
the optimal current calculation technique provides the most extractable power with least losses 
and offers enhanced voltage stability for a weak AC grid.  
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Coordinated Current Injection during                                     
Unbalanced/Asymmetrical Grid Voltages  
 
6.1 Introduction  
A considerable amount of research has already been done on the performance of wind farms 
connected to healthy grids during different kinds of faults. Multiple contingency solutions have 
also been provided to deal with these grid faults. However, asymmetrical faults are not studied 
exclusively when it comes to weak grid conditions. This is presumably due to its less severity and 
less impact on the power system instability. Nevertheless, from the recent research stats it is 
found out that asymmetrical faults do occur frequently. It is indicated that, symmetrical faults 
only appear 5% compared to asymmetrical faults; i.e in the form of single line to ground fault 
70%, line-to-line fault 15% and double line to ground fault 10% [1]. 
Since asymmetrical faults occur quite frequently, the WECS are designed to prevent 
disconnection from the grid and at the same time recover from the fault condition. With respect 
to grid code compliance under fault conditions; e.g. German VDN and ENSTO-E both grid codes 
have discussed fault ride through (FRT) requirements. According to German VDN, 1pu reactive 
current needs to be injected when the grid voltage drops below 50% during a symmetrical fault. 
Similarly, in ENSTO-E the reactive current injection during symmetrical faults requires the WPP 
or a single WT to provide 2/3 of additional reactive current for the time period specified by the 
transmission system operator (TSO). In relation with the asymmetrical faults, not much 
explanation is provided in VDN on how to calculate the required reactive current. However, 40% 
of the maximum rated current is allowed to be injected. In ENSTO-E the amount of required 
reactive current is decided between the TSO and the supplier [2]-[3].




To deal with the abovementioned scenario, a case study is done in this chapter by implementing 
asymmetrical faults on a type-4 WECS integrated into a weak AC grid. A Thevenin equivalent 
model of the grid is considered from Fig. 4.7 and its estimated dynamic parameters (X, R) are 
utilised from Table 4.1 for the calculation and injection of the coordinated currents.  
The proposed coordinated current calculation technique defines the active/reactive current 
transfer limits, which assist in calculating the limited active/reactive powers needed to be 
transferred to the grid. By limiting the power transfer, the amount of incoming active power from 
the WPP can also be restricted, which eventually enables the system to implement low voltage 
ride through (LVRT) without the aid of any additional hardware. This is considered as one of the 
major contributions of the thesis as mentioned in section 1.8. 
Validation of the analysis is done on the hardware from section 5.5.5. With reference to the 
discussion in chapter-3, the grid side converter (GSC) performs two important functions. Firstly, 
it generates small active/reactive power perturbations to apply impedance estimation. Once the 
impedance is known, this information is used to calculate the coordinated currents to be injected 
with respect to the defined current transfer limits. On the other hand, the machine side converter 
(MSC) regulates the DC-link voltage and limits the active power coming from the generator to 
implement LVRT. 
6.2 Problems during Asymmetrical Faults  
Any unbalance in the system which occurs for a steady state, stays for a longer period of time 
and could impose detrimental effects on the components. An asymmetrical fault exists for a short 
period of time but with high order of intensity. During an asymmetrical fault, the wind turbines 
are supposed to stay connected and assist the positive sequence voltage by injecting positive 
sequence reactive current [4]. From power system analysis [5], phase over-voltage occurs on the 
non-faulty phases. The neutral grounding of the power systems is usually designed to utilize the 
zero sequence impedance to avoid high phase over-voltages and fault currents during 
asymmetrical faults. For example, a bus is considered to be properly grounded if the ratio 
between zero and positive sequences impedances is kept between 1 and 3. The conventional 




methods employed during a grid fault condition only inject positive sequence reactive current to 
boost the positive sequence voltage. However, in case of modern WPP when a positive sequence 
current is injected during an asymmetrical fault by keeping the negative sequence current as 
zero, all three phases get boosted. This is because the WPP will act as an open circuit when the 
negative sequence is kept as zero. Consequently, the negative voltage component does not get 
attenuated and propagates in the system. This additional boost in the voltages occur due to the 
coupling between positive, negative and zero sequence components. Therefore, higher phase 
over-voltages appear at the PCC which need to be mitigated as much as possible.  
6.2.1 Coupling during Asymmetrical Faults 
According to power systems analysis, all sequence impedances are interconnected through a 
fault impedance at the fault point [5]-[6]. Consequently, all sequence voltages are coupled and 
get affected if any of the phases goes faulty. The amount of boost in negative and zero sequence 
voltages depends on the type of fault and the fault impedance while the magnitude of the voltage 
is regulated by the WPP. For weak grids with high impedance, the WPP can regulate the voltage 
more easily compared to a strong grid [7]. 
Coupling can be explained more by comparing the sequence voltages at the point of fault. Two 
cases could be considered, with or without the injection of reactive current by the WPP during a 
fault. For instance an equivalent circuit of a single line to ground (SLG) fault is illustrated in Fig. 






























Figure 6.1:  Equivalent Circuit Representing SLG Fault [4] 




The resulting impact of the positive sequence current injection by the WPP on the negative and 
zero sequence voltages can be calculated using voltage division rule. The pre-fault voltage at the 
point of fault is the Thevenin voltage Vth+, which relies on the power flow. During a fault condition, 
the injection of positive sequence current from the WPP can also boost the phase voltages and 
the boosted positive sequence voltage VΔWPP+ is calculated as: 
                                                                       WPP tV Z I
  
                                                                            (6.1) 
Where, Zt+ is the positive sequence transfer impedance and I+ is the current phasor moving from 
the WPP to the faulted point [7]. From Fig. 6.1, positive, negative and zero sequence voltages are 
given in equations (6.2)-(6.4).  
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Based on the above expressions, the coupling factor could be calculated among the sequences. 
This idea is implemented in the final experimental algorithm to perform decoupled injection of 
the currents in all three phases and is also illustrated in Appendix-B.  
Similarly for double line to ground (DLG) fault, the equivalent circuit is shown in Fig. 6.2 and the 
coupling effect on positive, negative and zero sequence voltages is expressed in equations (6.5)-
(6.7). 
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From Fig. 6.2, it can be deduced that the positive and negative sequence voltages at a fault point 
are equal. When the fault impedance (which is smaller than the positive sequence impedance) is 
neglected in the analysis, zero sequence voltage is boosted by the same amount as positive 
sequence voltage. Similarly, the negative sequence voltage also gets boosted by the same 
amount due to coupling. For instance, from equation (6.5) if the transfer impedance is Zt =0.2pu, 
then 1pu reactive current injection would boost the positive sequence voltage by 0.1pu. This is 
going to be equal to the boost in negative and zero sequence voltages. 
The coupling discussed above has not been explored much in the previous wind power studies 
during asymmetrical faults. This is due to the reason that in the previous studies, asymmetrical 
fault was not created realistically as a short circuit between phases or ground; instead it was 
implemented by changing the grid side voltage sources. Consequently, the sequence 
components did not have any coupling in between and whenever positive sequence currents 
were injected, it never had any effect on the negative and zero sequence voltages. However, in 
























Figure 6.2:  Equivalent Circuit Representing DLG Fault [4] 




6.3 Active and Reactive Current Flow  
This section focuses on the calculation and injection of active and reactive currents by the WPP 
into the grid. Firstly, the current angle characteristics are studied and then transfer limits are 
derived based on the line impedance.   
6.3.1 Current Angle Characteristics 
As mentioned in the section 2.6, the converters are programmed to perform coordinated power 
injection. This is based on the coordination of active and reactive powers so that the current 
magnitude Imag remains within the maximum rated limits. For a weak AC grid with low X/R ratio, 
more of active current Id is injected to support the active power, whereas for high X/R ratio 
reactive current Iq is prioritised to keep the coordination.  The maximum coordinated current 
magnitude can be expressed as: 
                                                          2 2
mag d q ratedI I I I                                                                         (6.8) 
From the discussion in section 3.4, the current-angle characteristics can be expressed below as: 
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From the discussion in section 4.5.1, the control is employed for each phase depending on its 
dynamic impedance and the source voltage magnitude.  The modified technique detects if the 
steady state has been reached by the system to confirm decoupled current injections without 
generating any transients. 
With reference to Fig. 6.3 below, if a very deep voltage sag appears on the grid, then V2 will 
approach close to zero. To achieve maximum stability at this point, equations (6.9) and (6.10) can 
be utilised to work out the ratio between active and reactive currents as: 
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6.3.2 Active and Reactive Current Transfer Limit 
In order to derive the current transfer limit during asymmetrical faults, it should be considered 
that a WT injects controlled active and reactive currents as a function of voltage magnitude and 
the line impedance. To understand it better, Fig. 6.3 above is considered which represents the 
source and the receiving end voltages. Another vector diagram is shown in Fig. 6.4, which 
represents the magnitude of V2. Since active and reactive currents are injected with reference to 
V1, V2 can be traced as a voltage phasor with an angle of ZI with respect to V1. For analysis, V2 will 
remain constant and V1 will vary while locating the ZI. For every limit of the current magnitude, 
the θI will be from 0° to 360°. However, the θZ will always be less than 90° due to the existing 








           
Figure 6.4:  Current Phasors for Limit Derivation 









Figure 6.3: Single Line Current Flow and Phasor Diagram 




To understand the concept of current injection limits, a lumped three phase impedance is 
considered with X/R=4.2. A Thevenin equivalent model of a weak grid which is being considered 











In case of a SLG or a DLG fault, unbalanced grid voltages would be seen at the PCC. The degree 
of unbalance in each phase will be calculated with respect to the voltages at the output of the 
GSC. In the case of asymmetrical grid faults, four conditions could be considered for the limited 
current injection [10]: 
a) Pure reactive current injection: θI =90° 
b) Pure active current injection: θI =0° 
c) Active and reactive current injection: 90°> θI > θZ ,  θZ > θI > 0° 
d) Active and reactive current injection: θI = θZ 
 
6.3.2.1 Current Magnitude Limit for θI =90° (Pure Reactive) 
For pure reactive current injection, the θI is going to be orthogonal with respect to θZ .Since the 
magnitude of V2 is set to remain constant after the fault has been occurred. The low operating 
point of V1 is shown in Fig. 6.6(a) for the initial value of the current magnitude. To show the 
maximum limit of the current, its magnitude will be increased in a way so that the angle 
difference between V1 and V2 becomes 90° as illustrated in Fig 6.6(b). To give the maximum 





Figure 6.5:  System Block Diagram 




touch the boundary of the circle. If the current magnitude is increased further, the magnitude of 
ZI phasor will also increase and will eventually intersect the V2 circle which implies that larger V2 













Hence the current transfer limit for pure reactive current injection can be expressed as: 
                           
2 2
2 lim lim90 sin( )
cos( )







                                      (6.12) 
From Fig. 6.6 it can be stated that, when the current magnitude is increased beyond the limit for 
a very low receiving end voltage V2, the operating point cannot be found. This means that 
unlimited pure reactive current cannot be injected with zero active current. The limit could be 
set to infinity if R was equal to zero. However, it is practically not possible and hence pure reactive 
current needs to be injected according to the defined limit.   
6.3.2.2 Current Magnitude Limit for θI =0° (Pure Active) 
For pure active current injection without reactive current, the magnitude of the current is 
increased with an angle θI =0° until the phase difference between V1 and V2 approaches 90°. At 
this point, the current magnitude will be maximum with a possible operating point. From Fig. 6.7 
      
              
 
 








it can be observed that by applying the abovementioned conditions, V1 will reduce almost to 
zero. The current transfer limit can be expressed as: 
                           
2 2
2 lim lim0 sin( )
sin( )







                                  (6.13) 
From the above expression, it can be deduced that pure unlimited active power cannot be 
injected without reactive current component. When the receiving end voltage drops close to 
zero, the reactive component eventually increases and reduce the limit of the pure active current. 
In case of weak AC grids, this is a very widely discussed point when it comes to limiting active 









6.3.2.3 Current Magnitude Limit for 90°>θI >θZ  ,  θZ >θI >0° (Active and Reactive) 
For both active and reactive current injection transfer limits, the magnitude of the current will 
be continuously increased while keeping the θI constant. At this point, both active and reactive 
powers will get consumed as the angle difference between V1 and V2 approaches 90°.  
By following the same technique as discussed in previous cases, for 90° >θI> θZ, the current 
transfer limit is expressed in (6.14) with the aid from Fig. 6.8 below.  
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Figure 6.7:  Current Transfer Limit for θI=0° 













Unlike the previous cases, for θZ > θI > 0° the magnitude of V1 decreases with the increase in 
current magnitude due to highly active current injection. From Fig. 6.9 below, the current transfer 
limit can be expressed as:  
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Similarly, for the case when 90°+θZ > θI  >270°+θZ , this situation hardly happens with wind 
turbines during low voltage condition. However, from Fig. 6.10 it can be seen that V1 drops down 
to zero for the maximum current and the transfer limit can be expressed as: 
                                            2














Figure 6.9:  Current Transfer Limit for θZ > θI > 0° 












6.3.2.4 Current Magnitude Limit for θI = θZ 
When θI = θZ, there will always be an operating point with no limit on the current transfer limit as 
shown in Fig. 6.11. This is considered to be an ideal case, as it is difficult for the current injection 
angle to be exactly equal to the impedance angle (θZ =tan-1X/R). For a weak grid, the dynamic 
parameters are always changing and recursive impedance measurements are needed to be taken 









Considering there is no limit to the transfer of currents, the magnitude of V1 will increase with 
the increase of current magnitude. However, at some point it will reach the rated magnitude, 
which means that there is limit to the current injection based on limitation of sending end voltage 
V1.  
The above mentioned discussion is summarized in Table 6.1. The summary shows that the current 






Figure 6.11:  Current Transfer Limit for θI = θZ 
Figure 6.10:  Current Transfer Limit for 270°+ θZ > θI > 90°+θZ   










θI =90° Ilimit≤V2/R 
θI =0° Ilimit≤V2/X 
90°> θI > θZ 
θZ > θI > 0° 
Ilimit≤V2/ZSin(θI - θZ) 
Ilimit≤V2/ZSin(θZ - θI) 
θI = θZ 
Ilimit= ∞ 
 
6.4 Current Transfer Limit for a Grid Integrated Wind Turbine  









If a fault occurs at the PCC, then the flow of currents from the wind turbine (WT) to the fault 
point can be represented by another single line diagram in Fig. 6.13. Where, Z represents the line 
impedance and Vf is the voltage at the fault point.   
Table 6.1. Current Transfer Limits Depending upon the Angle of Current Injection 














From the experimental setup shown in chapter-4, a three phase lumped impedance                            
(Z= 0.60+j2.53 with X/R=4.2) is connected between the GSC and the grid emulator. Since the 
three wire network is emulated with the help of a three-phase programmable power supply, 
voltage dips could be performed on any of the phases independently. From the abovementioned 
current transfer limit theory, Vf will remain constant during the fault. It is also defined that the 
lower the voltage at the fault point is, the narrower the limit of the current transfer will be. At 
this point, the angle of the current injection (tan-1 Iq/Id) should be close to the angle of impedance; 
i.e tan-1X/R= 76.6°. The rated current magnitude coming from the wind turbine is 4.41A. From 
the discussion in chapter-3, the active power coming from the generator is already being limited 
by the MSC. The maximum reactive current Iq that could be injected, should be within the transfer 
limits explained above. However, Ilimit should also be less than or equal to Irated of the GSC; i.e 
2 2
limit d q ratedI I I I   .  
From the current transfer theory, it can be derived that any current with magnitude less than 
Vf/Z, is always within the safe transfer limits and can be expressed as: 
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In other words, the current injected according to the abovementioned condition would definitely 
be inside the transfer limits. However, the current injection would be very small. For example, 
current injected by a WT within the transfer limit for a fault with remaining voltage less than 10% 
and impedance 0.20pu, would be 0.10/0.20=0.5pu. This limited injection of current is used as a 
reference for the evaluation of a scheme discussed in the section 6.5.  
 
   
 
Figure 6.13:  Flow of Current from WT to the Fault Point 




From the discussion above, it can be summarized that similar to active/reactive power transfer 
limits, current transfer limits also exist for a grid connected system. For a grid connected WT, it 
is shown that for a very low voltage at the fault point, the current injection should also be reduced 
according to the transfer limit theory. This consideration is very important when it comes to 
integrating WT in weak AC grids. However, it is usually overlooked when the grid codes are 
designed.  
6.5 X/R based Current Injection  
From the discussion above, it is noticed that current transfer limit is based on the remaining 
voltage at the receiving end and the impedance between the GSC and the fault point. Hence a 
simple solution is provided to calculate the active and reactive current references for the wind 
turbine to stay within the transfer limits. From section 6.3.2.4, it can be seen that when a current 
is injected with the same angle as that of the impedance, the operating point will always be within 
the current transfer limits. This means that the ratio between reactive and active currents should 
be equal to the X/R ratio.  
Most of the grid codes are designed for maximum reactive current injection and the amount of 
active current is decided between the TSO and the supplier. However, to calculate and inject the 
amount of reactive current within the current transfer limits, an algorithm based on X/R ratio is 
























Figure 6.14:  Reactive Current Calculation based on X/R 




From the example given in the previous section, if the estimated impedance is Z= 0.60+j2.53 with 
X/R=4.2. The angle of impedance will be tan-1X/R= 76.6°. Hence, a high reactive current should 
be injected with the same angle as that of the angle of impedance i.e tan-1 Iq/Id ≈ 76.6°. For 
instance, if Id=1.1A, then, Iq can be calculated as: 







                                                      (6.18) 
The reactive current calculated above must also stay within the rated current limit when injected 
with a small amount of active current which is being adjusted by the MSC and later on by the 
GSC. Hence the injection of reactive current depends on the amount of active current being 










It can be seen from Fig. 6.15 (b) that the Iq decreases in accordance with the Id, just to make sure 
that Imag must not exceed the rated limit. By adopting the proposed technique, there are two 
major advantages. Firstly, the power factor during the fault would always be greater than zero. 
Secondly, by having a non-zero active current, there is always real power available and eventually 
more apparent power will be available to be absorbed by the load. For instance, if the power 
factor drops to 0.3 for a 3kW system, then 10kVA of apparent power will be required to be 
transferred to the load.   







Figure 6.15:  X/R based Current Injection, (a) without and (b) with algorithm  




6.5.1 X/R Parameter Uncertainty and Bandwidth Limit 
From the discussion in section 6.3.2, it is found out that the band of the current transfer limit 
gets narrower as the fault voltage (Vf) goes minimum or when the magnitude of impedance (Z) 
increases. The method proposed above, would always have a small degree of uncertainty when 
estimating the X/R parameters. If the parameters are not estimated correctly, then the Iq 
calculation from the equation (6.17) will also give erroneous results. Furthermore, the angle of 
impedance would also be incorrect, which means that the condition illustrated in Fig. 6.11 cannot 
be fulfilled.   
In order to study the impedance angle precision, Fig. 6.16 is considered to calculate the allowed 
uncertainty and is based on the current transfer limit theory. The magnitude of the current will 
stay constant and the point will be located where the current reference deviates from the angle 
of impedance. The allowed angle deviation can be expressed as [10]: 
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If the IWT is 1pu, then 
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With reference to the Fig. 6.16 if the current magnitude is fixed at 1pu, with 20% (0.20pu) 
remaining voltage at the fault point and with 0.5pu of impedance, then the deviation between 
the current angle and angle of impedance should not be more than 23.57° to stay within the limit. 
A general expression representing the angle estimation error, and at the same time satisfying the 
current transfer limit can be written as: 







     (in radians)                                                      (6.21) 
The above expression assures that if a current is injected with an angle of ± θZ -err, then the current 
would certainly stay within the limit. Furthermore, if the remaining voltage at the fault point is 
reduced further than 10% (0.1pu) then the allowed angle deviation reduces to 11.53°. This shows 
that, by lowering the remaining voltage at the fault point, the angle bandwidth will also become 
narrower. Due to this uncertainty, X/R method is applicable for specific values of the remaining 
voltages at the fault point. In this thesis, 20% of the remaining voltage is considered for the 















Figure 6.16:  Allowed Current Angle Bandwidth  




6.6 Dual Sequence Current Injection  
From the discussion in section 6.2, coupling between positive, negative and zero sequences has 
been seen during asymmetrical faults. To mitigate or balance out the oscillations occurred due 
to the coupling, multiple control techniques related to WTs have been studied in the literature 
[11]-[18]. However, these techniques only deal with the issues on the WT side by reducing the 
negative sequence component and not considering the grid side impact onto the WT power 
generation. Especially when an asymmetrical fault occurs on the grid side and the WT continues 
to generate the active power without knowledge of the impact of extra active power being 
transferred to the grid.  In the section 6.2, it has been studied that by using conventional 
methods, injection of pure positive sequence reactive current can cause negative sequence over-
voltages and phase unbalance. To mitigate this coupling effect, dual sequence current injection 
has been performed in this chapter. By following this method, the faulty phases will be supported 
by injecting limited positive and negative sequence currents in accordance with the current 
transfer limit theory. 
From the discussion in section 3.4, the voltage expressions for positive and negative sequences 
can be given as:  
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Where RT and LT are the resistance and inductance of the grid side filter and the line impedance. 
Vdq,conv is the voltage at the GSC output, Vdq,grid is the voltage at the PCC and Idq  is the current 
represented in synchronous reference frame. The indexes (+,-) indicate the positive and negative 
sequence components and ω is the angular frequency of the grid voltage.  The apparent power 
(S) to be absorbed by the load during unbalanced condition can be expressed as: 
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By expanding the above expression, active (P) and reactive (Q) powers can be represented as: 
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                                                    ( ) cos(2 ) sin(2 )o c sQ t Q Q t Q t                                                        (6.26) 
It is to be noted that during asymmetrical faults, dual current controller for positive and negative 
sequences is used to reduce the DC link over-voltages and the second order components. As a 
result, the two components Pc and Ps are set to be zero for the final analysis. Hence, P(t) will be 
equal to Po and is expressed below: 
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And similarly, 
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For the computation of positive and negative sequence currents, required to implement a dual 
vector control can be expressed as [19]-[20]: 
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If, V+dq, grid = V+dq and V-dq, grid = V-dq , then; 
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Where, Q(t) will be set according to the current transfer limit explained in section 6.3 and P(t) is 
the maximum active power reference equal to Pgrid obtained from equation (3.34), in chapter-3. 
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6.6.1 Active and Reactive Current Calculation for Limited Power 
Transfer during FRT 
The power calculated in equation (6.31) is the maximum power that could be extracted from the 
wind turbine at the PCC. During an asymmetrical fault the PMSG does not sense the fault and 
continues to generate active power which eventually ends up creating DC link over-voltages. To 
regulate the DC link voltage during asymmetrical fault, a control structure is developed and 
discussed in chapter-3 for the MSC. The GSC on the other hand, will control the generated power 
and inject the active and reactive currents according to the current transfer limit theory discussed 
in section 6.3. However, to determine the values of positive and negative current components to 
be injected for limited power transfer, an analysis is performed below. 
Firstly, it is assumed that the current in each phase will be less than Imax. Secondly, from the 
equation (6.30) positive and negative sequence components of the voltage at the PCC and GSC 
currents are separated and expressed for limited active power transfer. The expressions below 
are derived after solving the matrix presented in equation (6.30). Due to space limitation, the 
beginning part of the calculations is not shown here. Hence, the expressions for positive and 
negative sequence currents are given below as: 
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The sum of positive and negative dq-axis currents should be less than Imax, so the current 
limitation of the GSC currents can be expressed as: 
                                                                      max dq dq
                                                                        (6.36) 
Where, 2 2
dq d q
            and 2 2dq d q
            .  
If the negative sequence currents are used to reduce the second order component fluctuations. 
Then the ratio of negative to positive sequence should be equal to the unbalance factor, and 
expressed as:  
                                                              dq dq dq dqu V V
                                                                  (6.37) 
By combining equations (6.36) and (6.37), the maximum positive sequence current which can be 
produced by the GSC is expressed as: 
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The reactive power Q(t) required at the PCC can be given as: 
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Where, q q qI I I
       . If the negative sequence component is utilised to reduce the second 
order components in the voltage. Then the positive sequence component will be required to 
calculate the magnitude of reactive current needed according to the current transfer limit. Hence 
qI

 can be formulated as: 
                                                         maxqI I
  ,  where { X
R
  }                                                       (6.40) 
Hence, Q(t) can be redefined in equation (6.41) below. It is to be noted that the reactive power 
Q(t) can be calculated according to varying X/R ratios by just replacing the value of ɑ.  
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Similarly by squaring the equation (6.36), it can be expressed in terms of positive sequence as: 
                                                                     
2 2 2
max (1 )dqI u
                                                               (6.42) 
By inserting equations (6.32)-(6.35) in (6.42), the limited active power required during an 
asymmetrical fault can be given as: 
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                                           (6.45) 
As mentioned in the beginning of this chapter that the limited current injection technique mainly 
focuses on asymmetrical faults where the grid voltage (VPCC) drops lower than 50% of the nominal 
value or the unbalance factor (u) goes higher than 0.5. Therefore, this study is undertaken for 
deep voltage sags because it has not been discussed explicitly in the published research 
literature.  With asymmetrical faults on single or double lines, the VPCC goes below 50% only when 
a short circuit occurs in one or two lines. This was not simple to be achieved in the lab 
environment. However, it was accomplished by implementing two-phase 80% dip with the help 
of a grid emulator. By implementing the two-phase 80% dip, VPCC was made to drop below 50%. 
An example is demonstrated in section 6.7.1.  
In case where VPCC does not drop below 50%, another example is given in section 6.7.2 to show 
the validity of the proposed technique. A single phase 80% dip is applied with the unbalance 
factor equal to 0.32. To implement the limited current technique, an unbalance reference factor 
‘k’ is introduced for VPCC >50%. Hence, the equation (6.41) can be improved as: 
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After defining Q(t), it is made sure that the solution for Plim also exists for all the conditions. 
Hence, equation (6.45) is improved as: 
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From equation (6.47), it can be seen that the Plim depends on the maximum rated current value, 
positive and negative sequence voltages, X/R ratio and the unbalance factor. After calculation of 
Q(t) and Plim , these values can be used in expressions (6.32)-(6.35) to calculate the positive and 
negative sequence currents required to limit the power transfer.  It is worth noting that by 
limiting the active power with the GSC, the generated active power by the PMSG could also be 
limited hence eliminating the need of an additional device (e.g crowbar) for the dissipation of 
excessive wind power. Also, the GSC will be able to inject reactive currents according to different 
grid codes or in the case of this thesis, it will inject reactive currents according to varying X/R 
ratios and the unbalance factor. 
6.7 Experimental Setup and Results 
To validate the effectiveness of the analysis performed in sections 6.5 and 6.6, numerical 
examples are given and supplemented with experimental results to demonstrate the 
active/reactive power limitation during an asymmetrical fault condition. The physical 
experimental setup of the block diagram shown in Fig. 6.5 is illustrated below in Fig 6.17.   













6.7.1 Two Phase Unbalanced Voltage Dip 
A scenario is assumed where a DLG fault / two phase voltage dip (80% on phases B and C) is 
implemented with the following PCC measurements:  
Vd+=105V, Vq+=-22V, Vd-=-68V, Vq-=15V and X/R=4.2. The rated current of the PMSG is 4.41A 
(RMS). From equation (6.41), the reactive power reference is calculated as Q(t)=1341VAr. The 
limited active power from equation (6.45) can be computed as Plim =432W. By substituting these 
powers and the maximum rated current in expressions (6.32)-(6.35), the positive and negative 
sequence currents can be calculated as: Id+=3.3A, Iq+=-6.6A, Id-=-4.32A and Iq-=2A.  
According to the scenario described above, Fig. 6.18 (a) on the next page illustrates a two-phase 
dip at the PCC with 20% remaining voltages on phases B and C. The converted positive sequence 
dq voltage components are shown in Fig. 6.18 (b) and their separate zoomed-in waveforms are 
shown in Fig. 6.18 (c) and (d). Similarly, the converted negative sequence dq voltage components 
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 Figure 6.18:  (a) PCC Voltage, (b) d-q axis Positive Sequence Voltages, (c) Zoomed-in d-axis 
Positive Sequence Voltage, (d) Zoomed-in q-axis Positive Sequence Voltage 
105V 
-22V 

















Fig. 6.20 (b) shows the zoomed-in limited active power and the required reactive power 
according to the currents illustrated in Fig. 6.21. It should be noticed from the equation (6.41), 
that the reactive power requirement increases with the increase of X/R ratio. The DC link voltage 
is also illustrated in Fig. 6.20 (c). It is regulated within the safety limit with the help of MSC and 
without using any external hardware. Low-scaled second order harmonics can also be seen in the 
DC link voltage.  These harmonics could be reduced by implementing a dual vector control on the 
machine side. However, due to the size of the code and FPGA space limitation, dual vector control 
has only been applied to implement the grid side control. To stabilise the DC link voltage, pitch 
control is implemented and increased speed of the generator can also be observed during the 
fault in Fig. 6.20 (d).  
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Figure 6.20:  (a) Applied Active and Reactive Powers, (b) Zoomed-in Active and Reactive 
Powers, (c) DC link Voltage, (d) Generator Speed 
432W 
1341VAr 
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Figure 6.21:  (a) d-q axis Positive Sequence Currents, (b) d-q axis Negative Sequence 









In Fig. 6.21, grid side currents are shown. This is the main contribution of this chapter. From        
Fig. 6.21 (a) positive sequence currents can be seen which are obtained from equations (6.32)-
(6.33). Similarly the negative sequence components obtained from the equations (6.34)-(6.35) 
are illustrated in Fig. 6.21 (b). With reference to Fig. 6.18 (a), due to deep voltage dip (20% 
remaining voltage), higher magnitude of negative sequence component is injected. By 
implementing the derived limits, the peak magnitude of the three phase currents is also kept 
within the rated current limit as shown in Fig. 6.21 (c) and (d). It is worth noting that |Id| is 
reduced but not set equal to zero and subsequently |Iq|is also injected within the defined limit. 
Furthermore, their calculated ratio from the results ‘4.6’ is approximately equal to the X/R ratio 
‘4.2’.  The X/R based current injection, can also assist in avoiding other unbalance conditions such 
as loss of synchronism (LOS) between the system and grid’s frequency during deep voltage sags 
[10].  
6.7.2 Single Phase Unbalanced Voltage Dip 
Another scenario is assumed where a SLG fault / single phase voltage dip (80% phase-C) is 
implemented with the following PCC measurements:  
Vd+=170V, Vq+=-5V, Vd-=-22V, Vq-=50V, X/R=4.2 and the rated current of the PMSG is 4.41A (RMS). 
The section described above for the current transfer limit, is for deep voltage sag situations 
where VPCC <50% of the nominal value. However, for the case where VPCC >50%, the expressions 
(6.32)-(6.35) could give over-currents if reactive and active powers are not updated. To prevent 
this situation, the improved reactive and active power equations (6.46)-(6.47) will be applied. 
With the VPCC >50% and unbalance factor less than 0.5, reduced reactive power is required. This 
means there is less chance of instability and the current injection does not strictly have to follow 
the angle of impedance because of its less impact on the stability of the system. Hence Iq/Id does 
not have to be equal to the X/R ratio. The limited current injection method shows the optimal 
active power limitation along with the reactive power supply. The purpose here is to demonstrate 
the relevance of the proposed technique under different conditions.   




According to the scenario described above, Fig. 6.22 (a) illustrates a single-phase (Phase-C) dip at 
the PCC with 20% remaining voltage on that phase. The converted positive and negative 
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Fig. 6.23 (a) shows the limited active power and the required reactive power according to the 
calculated currents illustrated in Fig. 6.24.  The reactive power reference was calculated to be 
Q(t)=900VAr and the limited active power was computed as Plim =1190W. By substituting these 
powers and the maximum rated current in expressions (6.32)-(6.35), the positive and negative 
sequence currents can be calculated as: Id+=5A, Iq+=-3.3A, Id-=-1.92A and Iq-=-0.25A. The DC link 
voltage regulation is illustrated in Fig. 6.23 (b) and the generator speed profile during the fault 


















Figure 6.23:  (a) Applied Active and Reactive Powers, (b) DC link Voltage, (c) Generator Speed 
1190W 
900VAr 
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Figure 6.24:  (a) d-q axis Positive Sequence Currents, (b) d-q axis Negative Sequence 









In Fig. 6.24 (a) and (b), positive and negative sequence currents can be seen which are injected 
to obtain the active and reactive powers calculated from equations (6.46)-(6.47). Since the        
VPCC is greater than 50% of the nominal value, less amount of negative sequence component is 
injected. Furthermore, by implementing the derived limits, the peak magnitude of the three 
phase currents is also kept within the rated current limit as shown in Fig. 6.24 (c) and (d).   
6.8 Conclusion 
This chapter discusses the impact of asymmetrical faults on a grid connected wind energy system. 
Two cases of DLG and SLG faults (double- and single-phase dips) are highlighted where coupling 
problems are presented between the symmetrical components. To mitigate that, current 
injection technique is proposed with limited injection of active and reactive components. The 
derived limits are dependent on the varying X/R ratios and based on that, active and reactive 
current components are injected in order to maintain stable DC link voltage and limited GSC peak 
currents.  
The practical implementation of the abovementioned study suggests modification in the 
international grid codes for integration of WECS into weak AC grids during asymmetrical faults. 
From the results, it is shown that the proposed technique eliminates the need of an external 
hardware for DC link overvoltage suppression and implements FRT. Furthermore, the peak 
currents are also kept within the defined limits with the aid of positive and negative sequence 
currents injection. The overall power factor has also been kept greater than zero because the 
active current component is not forced down to zero when the VPCC drops below 50%.  
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Conclusions and Recommendations 
 
The findings from the thesis present valuable insight about the current injection techniques 
adopted to optimize the power transfer of a grid connected wind energy system. The 
contributions made are disseminated in each chapter of the thesis. Special attention is given to 
the derivation of the current injection techniques which are achieved by conducting a detailed 
analysis of weak AC grids. To supplement the analysis, experimentation is performed and 
algorithms are tailored to accommodate the desired functions of the techniques.  
7.1 Conclusions  
In this work, two modified current injection techniques were proposed to optimise the power 
transfer during symmetrical and asymmetrical grid voltage conditions. The implementation of 
the techniques was based on the information collected from the dynamic parameters of a weak 
AC grid. Currents were injected during both voltage conditions and the results were compared 
with the conventional current injection methods to validate the effectiveness of the proposed 
techniques.    
Based on the performed analysis and results, the conclusions drawn from the thesis are 
mentioned below: 
 In chapter-2, integration of wind energy systems with weak AC grids and the design 
considerations were highlighted based on the grid strength. Basic components of the 
wind generator and the control parameters were discussed. Grid code requirement 
during fault conditions and fault ride through techniques were examined.  Different fault 
conditions were considered for wind power plants and methods were discussed to rectify 
the unbalance with the aid of power converters. 




 In chapter-3, basic concepts of the wind turbine parameters and conversion of wind 
power into electrical power were reviewed. The associated power profiles were studied 
by deriving the primary wind energy expressions such as power coefficient, tip speed ratio 
and MPPT. Control models were investigated for both machine and grid side converters. 
The machine side converter was operated under two control loops, where the inner loop 
controlled the direct current magnitude and the outer loop managed the quadrature 
current for DC link voltage regulation. The grid side converter performed as a STATCOM 
and independently injected active/reactive currents according to the given conditions. 
Dual sequence vector control was discussed for the asymmetrical voltage faults. An 
analysis was also performed to predict the transferred power from the turbine to the PCC 
by considering system’s actual parameters. 
 
 In chapter-4, grid impedance was estimated to assist formulation of the current injection 
techniques. Multiple grid impedance estimation methods were reviewed. The PQ 
variation technique was chosen and modified in order to be applied per phase. Single 
phase transformed model of a three phase system was presented in dq rotating reference 
frame. Experimental investigation was performed on a set of known impedances to 
validate the scheme and the designed control. To determine the percentage calculation 
error of the proposed technique, a comparison was also shown between actual and 
estimated values of the impedances.  
 
 In chapter-5, application of optimal current injection technique was discussed for 
symmetrical grid voltage conditions. The proposed technique was tested on a lab-based 
wind energy system to confirm the optimal distribution of the currents. The technique 
was elaborated with the help of mathematical equations and the control structure was 
developed in order to allow minimum power distribution losses with enhanced voltage 
stability. A comparison based on the experimental analysis was also presented to confirm 
the validity of the technique.  
 




 In chapter-6, asymmetrical faults were discussed. To mitigate the faults, coordinated 
current injection technique was proposed and implemented which offered limited 
injection of active and reactive powers. The derived limits were dependent on varying X/R 
ratios and based on that, active and reactive current components were injected to 
maintain the stable DC link voltage and limited grid side peak currents. Numerical analysis 
along with the experimental results validated the proposed technique. It was shown that 
the proposed technique eliminated the need of an external hardware for DC link 
overvoltage suppression and implemented FRT.  
7.2 Research Contributions  
In this thesis, per phase control model of the PQ variation technique is proposed for the grid 
impedance measurement. Based on that, two modified current calculation techniques are 
implemented to optimize the power transfer of a WECS integrated into a weak AC grid, during 
symmetrical and asymmetrical voltage conditions. Asymmetrical faults in weak AC grids, which 
were not studied before explicitly, are also part of the discussion. Furthermore, active and 
reactive current transfer limits are defined, which could be a useful contribution in modifying the 
modern grid codes.    
With respect to research contributions, a research paper has been published in a peer-reviewed 
IEEE conference. It was based on calculation and injection of optimal currents during symmetrical 
voltage conditions. The title is: 
 "Steady State Impedance Estimation of a Weak Grid to Assist Optimal Current Injection 
for Minimal Power Losses" in IEEE Energy Conversion Congress & Exposition, USA, Sep 
2016. 
Extension of the above mentioned paper is published at IET Journal of Electric Power Applications 
2019 (Oct). The title is: 
 “Optimal Current Calculation for a PMSG based Wind Energy system Integrated into an 
Unbalanced Weak Grid” 




One more paper reviewing the wind turbine generator topologies is published at 
International Transactions on Electrical Energy Systems 2019 (Dec). The Title is: 
 “Deployment of Onshore Wind Turbine Generator Topologies - Opportunities and 
Challenges” 
Another paper describing the limited injection of coordinated currents during asymmetrical 
faults is under review at IEEE Transactions on Industrial Electronics 2020 (May). The title is: 
 “Limited Current Calculation to Support LVRT for a PMSG-based WECS Operating under 
Asymmetrical Weak Grid Conditions” 
7.3 Limitations 
In summary, the energy capture over available wind speed and the power transfer was enhanced 
by efficiently utilising the back-to-back converters topology. Since a type-4 wind turbine 
configuration was under consideration, full scale converters were employed on both machine 
and grid sides. 
On the grid side, even though the converter had the capability of independent injection of active 
and reactive currents, there were still certain limitations which were to be set through the 
current limitation model in the converter control frame. For a two-level full scale converter, the 
overload capacity was 10% above the rated conditions. That means, if the maximum current is 
1.1 p.u with 1 p.u active current then according to 𝐼𝑚𝑎𝑥 = √𝐼2𝑟𝑒𝑎𝑙  +  𝐼2𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 ≤ 𝐼𝑟𝑎𝑡𝑒𝑑,  
there is only 0.45 p.u capacity left for the reactive current to compensate. Therefore, to allow 
maximum reactive current, the magnitude of the active current had to be reduced carefully 
according to the limits defined in the coordinated current calculation technique for asymmetrical 
faults.  
For the optimal current injection technique during symmetrical voltages, the grid was considered 
as a Thevenin equivalent model of a distributed network where each line would have an 
independent source and likely to have unequal connected loads. Therefore, for unequal loads, 
the technique proposed unequal and sometimes higher currents. Since there was no support 




from any shunt ancillary device and the information of the impedance at the point of design was 
also unknown, the back-to-back converters were decided to be chosen slightly higher than the 
generator rating, i.e approximately 1.5*Pgen.   
The increase in the power rating of the converters did not really affect the cost to a large extent. 
Considering this as a limitation, it can be overcome by connecting a shunt converter to support 
the fault conditions. However, that would increase the overall control complexity and cost of the 
system, as well as undermine the objective of the research. 
To estimate the line impedance, PQ power variation method was employed because of its simple 
implementation and relevance with the theme of the research conducted in this thesis. Other 
methods such as inter-harmonics or current transient injection could also be applied but on the 
cost of increased computational intensity and DSP/FPGA space consumption. Furthermore, for 
online implementation of these methods, a separate shunt connected device was also required.   
Moreover, the grid under consideration was inductive in nature with high X/R, it was more 
sensitive to reactive power variations which lead to grid voltage variations. The equipment used 
to calculate the ΔVd was not sophisticated enough to detect minor shifts as shown in Figures 4.10 
(e), 4.11 (e) and 4.12 (e). So, from equations (4.13) and (4.14) when Iq was perturbed, ΔVd was in 
the range of detectable magnitude which aided the controller towards better estimation of Lth. 
However, in comparison when Id was perturbed for Rth calculation, ΔVd resulted in lower 
magnitude and had a higher percentage of error.  
7.3 Recommendations for Future Work 
In chapter-4, the experimental procedure for estimating the grid impedance was based on steady 
state conditions. Since the theme of the thesis is power optimization, PQ variation method was 
adopted for the impedance estimation. Even though the procedure was self-automated but due 
to multiple number of functions to be performed by the grid-side converter, the impedance 
estimation was performed separately each time before the current injection techniques were 
applied. It is therefore recommended that a separate hardware can be used to execute the 
functions in parallel. 




The presented concepts were verified on an aggregated wind generator which provided analysis 
at a fundamental level.  More work can be done by taking into account the dynamics of multiple 
machines comprising a wind power plant.  
The study conducted in this thesis highlights the integration of a wind generator with a weak AC 
grid during symmetrical and asymmetrical voltage conditions. The experimental investigation is 
done by considering a SCR value of 3. This was the minimum value that could be selected due to 
hardware constraints in the laboratory. For future research, the operation of the system can be 
analysed at SCR=1 by considering different set of connected line impedances.  
The case-study can be extended in future by incorporating variable wind conditions so as to check 
the system’s dynamic response. Multilevel converters can also be used to achieve higher voltage 
levels. Small signal and frequency stability analysis can also be considered to support the analysis.  
7.4 Concluding Remarks 
According to modern international grid codes, it is an important requirement for grid connected 
WECS’ that the power converters must be able to regulate ±0.5% of the controlled voltage by 
supplying reactive power to supplement the grid voltage without requesting support from any 
external device.  However, in case of weak grids which are usually located in remote areas, the 
grid faults occur quite frequently and sometimes the shunt connected support is also not 
available. Due to such limitations, type-4 wind turbine configuration is commonly employed in 
these areas at MV level. Considering such a system with no external hardware support, the 
available power converters must be utilised in such a way to support the grid by optimally 
injecting the currents during fault conditions. Thus, by employing the current injection 






Transfer Functions of Generator, DC-link and Grid side Controllers 
 
Generator Type PMSG, 3.3kW,200rpm,380V 
No. of Pole Pairs, p 15 
Stator resistance, Rs 0.76Ω 
d-axis stator inductance, Ld 6.5mH 
q-axis stator inductance, Lq 6.5mH 
Switching Frequency, fSW 5kHz 
Filter Capacitance, Cf 5μF 
Filter Inductance, L 4.7mH 
Damping Resistance, r 1.4Ω 
DC-link Capacitance, Cs 4700μF 
 










Figure A.1: PMSG Current Control Loop 
Table A.1. System Parameters 











































𝐾𝐸 =  
1
𝑅𝑠

























𝐾𝑝 = 10.8333 
𝐾𝑖 = 1259 
Modified Using MATLAB  Sisotool: 
𝐾𝑝 = 1.63 








Table A.2. Transfer Functions of PMSG Current Control Loop 
Figure A.2: PMSG Speed Control Loop 
















































𝐾𝑚 =  
1
𝐵𝑠







































𝐾𝑝 = 2.68 
𝐾𝑖 = 319 
Modified Using MATLAB  Sisotool:  
𝐾𝑝 = 0.2 
𝐾𝑖 = 1.25 








Table A.4. Transfer Functions of DC link Voltage Control Loop 
Figure A.3: DC Link Voltage Control Loop 
 

























































































𝐾𝑝 = 𝐾∑𝑇𝑖𝐶 
Calculated: 
𝐾𝑝 = 3.36 
𝐾𝑖 = 533 
Modified Using MATLAB  Sisotool: 
𝐾𝑝 = 13.46 
𝐾𝑖 = 0.78 
Table A.4. Transfer Functions of DC link Voltage Control Loop 














































 , 𝐾𝐸 =
1
𝑅






















𝐾𝑝 = 21.14 
𝐾𝑖 = 2936 
Modified Using MATLAB  Sisotool:  
𝐾𝑝 = 2.25 








Table A.5. Transfer Functions of d-axis Grid Current Control Loop 
Figure A.4: d-axis Grid Side Current Control Loop 
 































 Figure B.1: Generation of Quarter Cycle Delay on Single Phase Quantities to Create 
Orthogonal Signals for Park’s Transformation 




































Figure B.2: Decoupling of dq-axis Current Components during Unbalanced Grid Voltages 


































                        
Figure B.3: Generator Current and Voltage Components Acquisition for 
Control Feedback 


































Figure B.4: Transfer of ADC Signals to FPGA 















Figure B.5: Error Triggering Functions for Protection 



























Figure C.1: Hardware Panel Layout 

















Figure C.1: LEM Board Circuit 
Diagram  
Figure C.3: Relay and Error Signal Circuit Board 
Figure C.2: Schem tic diagram for V and I Transducers’ ICs 
 





Figure C.5: Schematic diagram for FPGA level shifter 
Figure C.4: Voltage Shifter board for FPGA Signal Regulation 
 















 PXIe-6363: http://www.ni.com/datasheet/pdf/en/ds-151 
 PXI-7813R: http://www.ni.com/datasheet/pdf/en/ds-98 
 SCB-68: http://www.ni.com/pdf/manuals/371745c.pdf 
 
 Grid Emulator Details:  https://www.powerandtest.com/power/ac-power-sources/mx-
series  






    
Figure C.7: SCB Connector Boards  
